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% : ANNOTATION

1 ; Queations of theory and practice in design of space tele- i
: : vision systems are examined, On the basis of informetion j
1 theory, a theory of a spece televislon system is developed. '
i Method of calculation of the principal televieion parameters

is reported,
are dlscussed:

Proapects of solution of television problems
increasing transmiesion distance, inereasing

; f sensitivity and resolving power of systems.

A description of

modern space television systems is given.

' ; The book 1s intended for scientific and engineering-
' ' technical workers, occupied with creation and operation of
] television systems, as well as for students and graduate

: i students 1ln the appropriate specilalties.
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AROUT THE AUTHORS

The authors set themselves the task of reporting the specl-
fics of space television, in the theoretical and engineering
aspects., In writing the book, the authors were gulded by the
dealre to assist space television system designers in discussing
complicated questions of optimization of a televislon set and 1its
"heart," the onboard apparatus.

The book 18 intended for readers familiar with the path of
television [1,2]. Familiarity of the reader also 1s assumed
with the general problems of communications theory, for example,
according to textbook [3]. 1In setting forth the foundations of
the theory of optimum reception and information theory, the
suthors extensively use the premises in the basic works of the
V. A. Kotel'nikov, A. N, Kolmogorov, K.Shannon and N. Viner [4=71.

A definition of space television is given in Chep. 1 and one
of the most advissble versions of classification of space tele=-
vigion systems 1s presented. Possible flelds of use of tele-
vision in space research are pointed out. The basic qualitative
television characteristics and the specifics of planning a space
television system are diacussed.

The results of development of television theory, based on
the theory of optimum receptlon and information theory are re-
ported in Chap. 2, in the 1interests of formalization of the proc-
ess of planning optimum space television systems. New results,
concerning solution of the problem of digltization of
continuous communications, may be of interest beyond the frame-
work of television. A television camera is considered as a device,
the planning of which must be carried out on the basis of theory
of the optimum receiver of continuous information.

The fundameatals of the 8low=scan method of image trans-
mission are reported in Chap. 3; this permits, on the contemporary
engineering level, solution of the problem of compression of the
video fregquency band (increasing the distance of television trans-
miseion) and increasing light sensitivity and resolving power of
the system. The results of achievements in this major area 1
space television technology are presented.

A brief description of a space television system, predominantly
domestic, i1 presented in Chaps., 4 and 5, as 1llustrations of the
positione developed 1in the book.

Original material contained in the book 1s based on articles
of the authors published in various publicatlions.

Chapter 1, except for section 1.5, sectlons 3.1, 4.2 and 4.3,

were written by I. A, Rosselevich; Chapter 2, sections 3.2, 3.3,
3.5 and 3.6, by L. I. Khromov; sections 4.1 and 4.4 and Chapter 5,
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by P. F. Bratslavets; section 3.4 wes written jointly by P. Q,
Bratslavets and L., I. Khromov; section 1.5, Jointly by I, A,
Rosselevich and L, I, Khromov,

At the request of the authors, section 3.7 was written by
0. I. Fantikov and seotion 3.8, by T. I. Tayts.

In preparation of the book materials, V, I, Konchin, V. I,
Resin, L. A. Litvinchuk, B, I. Reznikov, G. A. Sushchev and M., I.
Tovbin gave assistance to the authors on individual questions,

I. L. Valik and 8. P. Pivovarov looked through the manuscript
of the book.

The authors thank all these persons and express deep thanks
to 8, I, Katayev and P. V. Shmekov, for supporting the inltlative
of publicatlon of this work and for valuable advice.

Responses by the readers should be directed to the Svyaz Press
(Moskva=-taentr, Chiastoprudnyy Bultvar, 2).
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FOREWORD

Fifteen years have passed silnce the historical event, the
launching of the first artificial earth satellite In our country.
The past years have been years of formation and vigorous devel=-
opment of space technology, which proved to be a revolutionizing
influence on all the principal branches of industry. The buillding
of spacecraft returnable to earth and nonreturnable, the crea-
tion of manned spacecraft reqguired development of complicated radio
englneering sets, providing for control of spacecraft and thelr
functioning. One of the highest achlevements of domestlc space
radioelectronics is space televislon. Under ground conditions,
in the conduct of scilentific radar research, owlng to its all-
weather nature, and photography, owing to high definition of
photos, successfully compete with television. Transfer of a
sclientific experiment to space makes television means dominant.
This 1s particularly graphically clear in the example of moon and
planetary studies, by means of nonreturnable spacecraft, when
photography is inapplicable and television i1s the only accessible
method of observation of space objects in the form of images.
Therefore, it is not surprising that, two years all told after the
first artificlial earth satelllite, the Luna=3 Spacecraflt was
launched; 1ts primasry function conslisted of using silow-
scan . television to obtain television photos of the back side of
the moon. At the present time, slow-scan televigion systems
have become a mejor portion of many spacecraft intended for
atudy of the moon and the planets.

Equipping manned spacecraft with television has developed no
leas intensively. In the performance of offlcial functions in
spacecraft, television technology 1s not limited to video monitor-
ing of the astronauts, which predominated in the first stage of
develcpment of space television., A televislon system 1s more
extensively included directly in the command circults of spece-
eraft, providing for their orientation and transmission of video-
telemetric data.

Slow-scan televizsionwas the most efficlent means of observa-
tion of cloud cover and the surface of the earth in the interests
of meteorology. Perfection of these systems permits more exten-
sive monitoring functions to be carried out on the natural re-
sources of the earth, in the interests of the entire national
economy.

Small-size onboard equipment, severe operating conditions, 1in
combination with requirements for high rellability, have stimulated
development of space television technology as & speciflc branch
of television. However, space research has given birth to, not only
technological and design specifics of space televislon systems, in
contrast with television broadcast systems. A considerable group
of problems in space rescarch would have been solved in a nonopti-
mum manner or generally could not have been solved, within the




f framework of the standard broadeast television GOST! 78H5-65, be-

. cauge of ite neonconformity with the characteristlics of the objects
observed and the transmission distance. The aelection of tele-
vision parameters of a planned system, in conformance with the
characteristics of the object observed, i1llumination conditions i
and distance of communications, are specific for glow=uaenn space
television,

' The requlremer.ts of space research cannot be satlsfled without
soluticn of the basice problems of space television: the problems

of sharp increase 1ln televislon transmission distance and the prob-
lems of achieving maximum light sensitivity. These problems, in
combination wlth the hLigh cost of each bit of televislon data from
space, served as a powerful stimulus, not only towards perfection

of the equipment fabrication technology, but towards creation of

a theory, providing space televislon system planners wilth s method
of synthesis of an optimum system. Development of thls theory
turned out to be possible, thanks to drawing on the theory oif optl-
mum reception of V. A. Kotel'nikov and information theory, developed
for the case of contlnuous signals, of A, N, Kolmogorov. In this
theory, the onboard television camera 1s considered as an optimum
receiver of the images of space obJects in the optical wavelength
range. Thils approach permits, not only optimization of the televislon
system, but 1t has the necessary generallty for complexing the on-
board televislon devices with other radloelectronlc sensors and,
mainly, with the radar system. The television and radar equipment
emerge as a single system for collectlon of videoinformation in
various electromagnetic wavelength ranges aboard spacecraft.

The first edition of this book came out eight years after 1
the launch of the first space televislon system and, speaklng
figuratively, it consequently was written "hot on its heels."

The book secure” the domestic priorlty in development of space
television, anu " had a deserved succeas. In the second «dition,
the authors have preserved the structure of the book and the sub-
Jeet matter of the chapters, but they have supplemented 1t slgnifi-
cantly with new material, previously reported only in the Journals.

V. Nemtsov

Ifq08T~~All-Union State Standard.)
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SPACE TELEVISION (QUESTIONS OF THEORY AND PRACTICE OF SPACE
TELEV.iBION SYSTEM DESIGN)

?. F, Bratslavets, I, A, Rosselivich and I, I. Khromov
1, TELEVISTION RESOURCES FOR SPACE RESEARCH

1.1 Definition, Fields of Use and Classifications
of Space Melevision Systems

The baslc principles of & space television system were set /_R#
forth during creation of the basis of radioctelevision technology.
The works of Soviet scientists, A, P, Konstantinov, P. V. Shmakov,
P. V. Timofeyev, S. I, Katayev, G. V. Braude and others, facilitated
formation of the basils of modern television. Fop development of
space television, the work of the prominent Soviet sclentists, S, I.
Katayev and P, V. Shmakov, in the field of television played a
large part. 8. I. Katayev, as early as 1934, introduced the ides
of transmission of television images by means of a narrow band
of frequencles, which was the basis for small-frame space television
systems. P, V. Shmakov proposed a method of retransmission of tele-
vision broadcast signals, by means of aircraft and artificial earth
satellites, which was practically embodled in the creation of the
domestie Molniya type satellites. The large assoclation of Soviet
sclentists and specialists, the work of whom was crowned by suc=-
cesses 1n the fleld of space television, acknowledged over all the
world, must be given thelr due. The 4 October 1959 launch in the
USSR, exactly two years after the launch of the first artlficial
earth satellite in the world, of the Luna=3 spacecraft, with small-
frame television equipment aboard, for photography of the back side
of the moon, was reckoned to be the start of space television. 1960
was the year of the birth of space television. The first direct
transmission from space on the USSR and Europe broadcasting networks
in the world was accomplished in 1962, Millions of television view-
ers could observe the transmission of images of the Soviet astro-

nauts A, G. Nikolayev and P, R, Popovich and the working situation
around them from aboard a spacecraft.

At the present time, the use of Bpace televislon has extended
its boundaries considerably. With the use of automatic equipment,
the program of research on space, the moon, and the planets of the
solar system is being successfully performed, and television L9
images of Mars and its satellites have been obtained.

The launch of the Luna-16 and Luna-17 spacecraft opened a new
stage in lunar research, The Luna=16 spececraft (and the Luna-20
spacecraft, similar to it), equipped with two panoramic cameras
with & 500 mm stereobase, guaranteed the delivery of lunar soil
to the earth. The Luna=17 spacecratt delivered the first moblle
laboratory, Lunakhod=1, to the surface of the moon; 1t was equipped
with two optical-mechanical, vertical survey television cameras,

two optical=mechanical horizontal gurvey television cameras and two
electronic cameras.

*Numbers in the margin indicate paglnation in the foreipgn text,
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In the near future, televieion will permit disclomure of the
recrets of such planets as Venus, to the dense atmoaphere of which
the moat powerful telemcopes on eerth vield,

Meteorological earth satellites (AES) have dlsalosed new pPOR=
sibilities for meteorological forecasting, and space relnyit have

ha increased the area of television broadcasting by many thousands
of kilometers,

Space television is a branch of radiocengineering, occupied with
the creation of facilities for recelving coptical images and trans-
mission of the videoinformation perceived from a spacecraft on other
space objects.

Videoinformation cen be for scientific purposes or be used for
the purposes of servlicing AES, Other branches of technology are cone
cerned with receipt and transmission of images: photography and
radar, which also are used in mastering space. Television differs
from photography, mainly by the method of delivering information to
the receiver. Thus, obtaining phovographs of the lunar surface be=
came possible after creation of spacecraft whiceh could return to
earth., Photography systems cannot generally be used for study of
8pace by means of spacecraft not returnsble to earth, or compete
with television systems in operational importance of the data.

Radar systems receive images of objects, which are irradiated with
electromagnetic waves in the radio range. This guarantees all=-
weather capabllity of radar observation, in distinction from tele-
vision, and obtaining images of an object belng observed, inecluding
information on distance,. Observation of space objeets, the moon

for example, i1s not bound to meteorologlcal conditions, while the
image definition acquires paramount importance. Therefore, the use !

television in spacecraft also does not compete with radar.

Questions of the advisability of creation of spaze television
systems were discussed before the launch of AES. The large masses,
dimensions and énergy consumption of television trans.sitting equip=- -
ment known at that time constrasted sharply with the proposed Z10
resources of AES. Methods of transmission of a wide=-band signal
over superlong diatances were not known.

The basic fleldsof use of television equipment were planned
in the initlal stage:

= Obtalning high-quality images of space objects (primurily
of the Moon, Mars, and Venus), by meens of nonreturnable spacecraft;

— Television communications between & spacecraft and earth,

for the purpose of observation of the state of the astronaut and
the craft;

-~ Transmigsion of images of the astronauts and demonstration
of thelr work and surrounding situation directly from space to the
televigion broadcasting network. 1




.

The spacifiocs of a space television syatem are the diversity
of problems solved by means of them, increase in data transmission
distance, the unique value of the transmitted videodata, requiring
high quality of the tranamitted image and maximum equipment relia=
bllity, the development of nonoperator equipment with minimum dimen=
sions and power consumption, capable of operating under conditions
of radiation, solar heat, the cold of space, ete., All this requires
speclal methods of caloulation and planning of apace television sys-
tems., It is advisable to divide the syatems by theilr fields of use
and to claselfy them by various technicel characteristics.

Space television systems and equipment can be divided by fields
of use into:

~ Space videocommunications television systems (space tele=-
vision);

= Television systems for sclentific research on space objects;

- Television aysteme for observation of earth and 1ts cloud
cover (meteorological);

— Videotelemetry systems, intended for videomonitoring of
the functioning of spacecraft systems;

- 3Spacecraft control television systems;
— Space television relays,

Simplex and duplex television communication systems are among
the space videocommunicatione television systems (space television);
they are used for transfer of television information, both between
spacecraft and between a spacecraft and earth, as well as beitween
spacecraft and atations on the planets. The basic purpose of the
space television system is transmission of information from person
to person.

In distincetion from them, television systems for scientific
research contemplate collection and transmissicn of television
information frowu regions of space, by means of carrlers, on which
it is impossible or inadvisaeble for man to stay. Such equipment /11
should operate for a long time. At the present time, the tasks
of space television equipment for meteorological purposes are being
expanded sharply. It 1= belng used for investigation of earth re=-
sources, determination of the state of the water surface, snow forma=-
tion, ete. TFor AES television apparatus intended for observation of
earth and its c¢loud cover, conslderably amaller radiocommunications a
distances are characteristic than the distances to objects located
in deep space (Mars, Venus, etc.,), This allows wide-band systems,

1.e., 1t makes poesible the transmission of a large amount of data
per unit time.




Videotelemetry ayrtems can be cloned or open., These systems
are installed in spacecraft located at any dlatance from the ground
recelving apparatus, Videomonitoring in space systems has benome of
parameunt importance, Not only ground solentific-tachnical personnel,
but astronauts, use it. Television systems for spacecraft control
perform the function of automatlc locatlon determination, maneuvering
and landing.

Space television relnyu are used for increasing the dif=-
tance in space~earth transmission, 1.e., for bringing into being
space=gpace~earth televislon relay chalina and for expansilon

of the communications zone of ground stations, for the purpose of
earth=space~earth reluy,

Subsequent development of space television has required the appli-
cation of television broadcasting transmission systems of the type
developed for the Soviet Molnlya=1 AES, as well as creation of tele-
vision relays for "“official" television, for cxemple, from one AES
to another to earth, a planet or a third AES.

The division of space television systems mentioned above, by
flelds of use, has been enlarged. An especlally large quantity of
various types of television equipment can be specified for sclentific
research objects in space. put, while 8uch television systeme as
videocommunications are easily unified, since one standard scan is
used for them, for other aress, in particular, for the area of scl-
entific research television systems, it is difficult to do this.

As an example, we examine the range of light, contrast and
dimensional characteristics of one of the space objects which has
been atudled, the moon. The luminance of the moon during orthogonal
illumination of it by the sun reaches 135,000 lux. 1In proportion to
decrease of the angle of the sun above thesurface of the moon, this
luminance decreases, and 1t amounts to 0.75 lux during illumination
by light reflected from the earth. Such a tremendous range of lumi-
nance, naturally, elther requires development of different equipment
for study of the moon in various luminance reglons, or it places [l 12
apeclal requirements on the planned equipment. The same tremendous
range exlsts in contrast values. The small range of coefficients
of reflection (from 0.2 to 0.07) leads to the situation that the
contrast of a lunar image during "direct" illumination amounta to
0.01 in all. At smzll sun angles ("lateral" i1llumination), because
of the absence of an atmosphere on the moon, sharp shadows appear,
which lncrease the contrast practically to unity. The first moon
flyarounds were accomplished at distances providing for resolution
of details tens and hundreds of meters in size. Upon landing of a
gpacecratt on the moon, one of the principal tasks was determina=-
tion of the structure of the lunar surface, for which & resolution
of details down to millimeters in esize was required of the tele=-
vision equipment. The same broad range of luminance, contrast ana
the necessary detail exists in carrying out astrophysical resesrch,
study of the cloud cover and surface of the earth and of other




obJects, FKven with development of television equipment for inatal-
lation within a spacecraft, 1t wust be taken into account that the
dllumination within the craft changes sharply under artificial 11Lii-
minatlon and upon entry of the dirvect rays of the aun inte the 11lu-
minator (from tens to tena of thousands of lux).

It must be noted that the diversity of characteristics of
objects transmitted, as well ap the radiocommunications condltions,
frequently place contradictory requirements on televieion equipment..
Thue, in study of the surface of a planet wide coverage of the sur-
face with high detall, transmission of low~contrast objects with n
wide range of contrant, a high rate of accumulation of dats with low
transmission rate of this information, because of the narrow fre-
quency band of the communciations channel, superhigh sensitivity
with a high signal-noise ratic, etc., must be combined. This creates
speclificutions for development of television syatems, without taking
account of which, it 1s impossible to develop the optimum version of
the equipment.

At the present time, there i1s no standard class. lcrtion e f
televislon systems in general and of space televisior syster 1.,
particular. In the general course on Teisvisio: (.],
the following classification of television gystemt v their ¢ 'oli-
tative characteristics was proposed:

— Black-white (monochromatic) telev*sion systems,
— Color television systems,

— Three-dimensional (stereoscopic) television gystemgn,
~ Color stereo television systems.

The basls for this classification i1s the most radical qualiltge
tive differences of possible versions of data transmission.

For a simpler solution of the problems of creating space tele=-
vislon system equipment, it is advisable to classify them into
groups with a narrower cross section, each of which has its singu-
larities and, consequently, dirfferences in calculations and planning.
According to technical characteristics »f the prineipal devices,
space television systems can be divided into the following groups:

1) By type of scanning: mechanical, electronic;

2) By type of storage device: systems with electrical
fllters, systems with electronic film storage devices, systems with
photographic film (photo television);

3) By storage device structure: gystems with single-
element storage device, systems with line storage, systems with
frame storage;
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4) By time processes of videcinformation converaion!
systems with simultaneous storage and readout processes, ayatems
with sepurate storage and readout processes;

5) By light conditlons: systems with artificlal blas
1ighting, systems without artificial blas lighting;

band 6) By videoslgnal spectrum width: wide-=band, narrow-
and;

7) By type of communications lines: open {(with radioc
1inks), closed (without radioc links).

As an example, the c¢lassificlatlion of modern space television
systems by the characteristics mentioned is given in Table 1.1,

Let us briefly characterize these groups of systems.

Systems, in which transmission and .recelving image scanning
18 accomplished by means of mechanical devices, are called mechani-
cal television systems. By virtue of the response of mechanical
devices, this scanning is fundamentally low-speed; however, for
many television systems, 1its speed 1s completely acceptable.,

Systems, in which image scan. ing is accomplished, as a rule,
by means of a scanning electron beam (scanning can be accomplished
with a light beam and the like), are called electronlc television
syatems,

In systems with an electrical filter, the role of which usually
1g performed by the video preamplifier, the simplest form of "storage"
is sccomplished, electrical signal filtration. Such systems, after
transformation of light energy into electrical, by means of a photo=-
cell, photomultiplier (PM) or dissector, store the energy during a
time interval, which is determined by the filter (video amplifier)
response. This permite nolse of the light-sensitive recelver (photo=-
cell, PM, digsector) to be filtered out of the videosignal.

All television systems, using a vidicon, superorthicon and
supericonoscopetelevision camera tubes, are systeme with
electronic film storage. A thin film, installed in a vacuun,
serves as the storage device (see section 1.3).

The "charged" image, stored on film, is scanned by an electron / 16

beam. The electrical signals formedin this case are amplified,
additional synchronization signals are mixed with them and the total
television signal is delivered from the output (1inear) amplifier,
either to the transmitter modulator, to a cable transmission line

or directly to a monitor, Electronlc systems transmit videoinforma-
tion from the information source to the user, with a minimum time
loss.,

\ am b e e e



Systems whiloh use photographie film as the llght image energy
storage device belong to the photo television syasatems, Thies stor=
age devlce, in distinction from transmitter tubes, does not require
& vacuum, whioch permits preparation of photographic film with a
large area and construction of the corresponding photoelectric equip-
ment., This makes 1t possible to increase the coverage of the
surface being photographed, since readout from photographic film can
be accomplished by individual scetions, depending on the capabili-
ties of the television readout device. An inherent part of such
systems is a high-speed film developer. The developed, fixed and
dried film 1s dellivered to the readout device, in which, by means
of a mechanical or electronic "traveling beam" Cevice, the light
flux passing through the film is converted into electrical signals
(see section 4,1).

Systems with single-clement storage include systems, in which
the light energy of only one element of the image 1s sensed and
stored, and converted into an electrical signal. A dissector,
photocell or photomultiplier (PM) 1s used as the light recelver.

In televislon systems with single-element storage, an electricel fil-
ter usually 1s used as the storage device. Such systems are called
systems "without storage" or "instantaneous" systems. However, they
can also be astorage systems, since storage (filtration) is obligatory
for separation of the videosignal from the noise, and the "instant-
anevus" action of the system is determined by the time constant of
the filter (video amplifier) which can reach high values (see section
1.2)., In this case, 1t should be kept in mind that the :ime constant
should correspond to the scanning parameters selected, since, other-
wlse, because of noncorrespondence of the frequency bands to the pulse
duration, the signal-noise ratio deteriorates, By type of scanning,
this group 1s either an electronic system, in the event a dissector
is used, or mechanical, if a PM 1s used as the llght-sensitive re-
celver. A single-element system with PM and electrical filter should
have mechanical scanning in two directions (by 1line and by frame),
for standardization of the two-dimensbnsal image. Single-element sys-
tems have high-light sensitivity, only in transmission of the images /17
of practically stationary objects. With development of laser tech-
nology, more favorable conditions are being created for their devel-
opment and use. This is all the more desirable, in that high qualle-
tative characteristies can be obtalned, in combination with optico-
mechanieal scanning and with small equipment mass and dimensions.
Moreover, these systems are advisable for the conduct of photometric
research in different sections of the radiation spectrum.

Systems with line atorage have a storage device structure, which
permits storage of the light energy of only a portion of the image,
& line. In engineering practice, these systems frequently are called
single-line. Single-line television camerag are analogous to slit
cameras. In both cases, to form a two-dimensional image, forward
motion of the camera relative to the system belng observed 1s neces-
sary., Transmitting electron-beam tubes, having two=dimensional film
storage devices, can also be used in single-line cameras., In such
systems, by means of conversion of the image format using fiber

optics, the viewing angle of & television system can be enlarged
significantly.
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The use of f1lm storage devices in television systems permits
storage of the light energy of a two-dimensional image (frame),
Simultaneous storage of all sectlons of a two-dimensional image
permits either the highest light senaltivity to be achlieved in ob-
taining television images of rapidly-moving objJeots or, at the same
light senslitivity, reduction in the requirementa for stabllization
of the onboard television camera, compared with those for single-
element or single-line systems. All modern televislon broadcasting
systems, as well as the majority of slow=scan  gystems, are in this
class,

For broadcast television electronic systems (except the telekino
system), simultaneous processes of image storage and readout are char-
acteristic. In these systems, the light-sensitive layer of the elec~
tron beam transmitting tube is exposed, simultaneously wilth swiltching
of the tube storage target by the electron readout beam.

In systems with separated storage and readout processes, expo=-
sure of the light-sensltive layer 1is accomplished initlally and, then,
readout of the stored image from the memory. This mode of operation
is inherent in photo television and slow=-scan systems.

Television systems with artificlal blas lighting contain a spe-
clal source of radlation. Artificlal bias lighting of the object
being studied by the radlation source iz a means of improving the
reflected light conditlons of this objJect. Of course, it 1s impos~
8ible to create bias lighting from great distances with the usual

radlation sources. However, the perfection of lasers cbviously /18
allows the possibllity of englneering accomplishment of such bilas
lighting.

In space television practice, the terms "narrow=-band" or "wilde-
band" television systems are widely used, depending on the video
slgnal spectrum width. Drawing the boundary between narrow=band
and wide-band systems can only be done arbitrarily. Usually, narrow=-

- band systems include systems with a videosignal spectrum wldth 1n the

; range from 0.1 kHz to 0.1 MHz., Systems wlth a videosignal ap2ctrum

: width greater than 0.1 MHz are call-d wide-band, All the modern
space television systems enumerated 1in Table 1.1 are systems which
use radlocommunications. However, in spacecraft and manned space=-

; craft, closed circult televislon systems, without transmiasion into

; space, are used. Such systems assist a man in controlling the space=

5 eraft in space.

Although today, there stlll 1s not a clearly distingulshed classifia-
cation of the technical ceriteria which characterize space tele~
vision system apparatus by color or spectrozonal nature, by the use
of various stereoscoplc methods, as well as by broadening of the
frequency spectrum recelved by television equipment, such apparatus
is finding more and more extensive use at the present time in space
televialon systems which have been created.
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It 18 well~known that monochromatic black-white television
Systems do not transmit all the information on the objects., 1In
this ocase, a portion of the informetion, sometimes of unique impor=-
tance for space research, 1s lost. By comparing a three-dimensional

gbdect and 1ts flat image, deficiencles of the flat image can he
ound:

— Detalls located at different distances have different
degrees of defocusing and, from this, different resolution;

= A number of parts are lost in 2 flat record, masked by
the nearest detalls.

Television systems capable of transmitting Anformation as to
volume, i.e., various stereoscoplc systems, are necessary for full-
value image transmission., One of the most promlsing systems among
them 1s the holographic system.

It must be noted here that, 1f some information can be disre-
garded in transmission of accustomed "terrestrisl" objects, since
our visual memory reproduces the accustomed information, this is not

S0 under space conditions. Color bears a large amount of additional
information within itself.

However, any increase in information entalls a requirement tc
increase the throughput capabllity of a radio television channel,
glso leads to an increase in mass, dimensions, energy conaumptlon,
ete.,, of the entlre AES television system.

Therefore, despite the tremendous importance of transmission /19
of exhaustive information on an object, there must be a compromise
between the desired amount of information transmitted and the capa~-
bilities of the AES. 1In perticular, one possible version of such
& compromise 1s the use of spectrozonal transmission methods, as well
a8 the use of apparatus with different spectral characteristics, The

entire optical range is used in the practical application of space
television,

Space color television systems (SCTS) ean provisionally be di-
vided into three basic groups, by flelds of use, principles of con-
struction and methods of gignal formation:

— SCTS for transmission of television information on a
rapidly-changing 8iltuation, 1.,e., of obJects having a high speed
with respect to the television observer;

~ SCT3 for transmission of television information on obJects ‘
having a low speed with respect to the television observer; '

— Phote television type SCTS.

Data on some of these systems are presented in Chap. 5.
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? | As is evident from the classification introduced above, a divi-
sion of apparatus inte repular and slow-scan  systema has found
no place 1in 1t,

4 As early as the 1930's, 8, I. Katayev, in his work, proposed

, decreasing the frequency band, by means of increasing the frame

3 period to 3~5 sec. Thls was reckoned to be the origin of the nlow-
5 nean  op narrow-bend area in televislon.

; ; We are attempting to determlne a characteristic, by which one
i system or another can be consldered to be regular or slow=pcean
Absolute velues of the frame frequencles or spectrum width of
frequencies transmitted, clearly cannot be an indlcation of dif-
. ference in the systems, since, for example, for observation of some
. : industrial processes using stroboscople effects, frame frequencles
- : measured in hundredsof hertz and regular multi-frame systems for
these purposes cannot be defined as multiframe, It is evident that
' it is most nearly correct to take the rate of change in the informa-
¢ tion transmitted as a basls, and, with respect to 1t, to evaluate
: the properties of the television system, its "time" resolution.
In this case, the following definitlon can be proposed.

If several neighboring frames contain a considerable percent-
age of ldentical, repetitive information, determining the baslc
aemantic content of the frame, this is a regular gystem and,
1f it does not contaln this, a slow=8can one. Slow=8¢an
systems, in which new information 18 transmitted in each frame,
are the most interesting, typlecal and useful. One of the charace-
teristic indications of belng regular or slow-scan Systems
18 the simultaneity or separateness of the storage and readout proc-
easses (see Chap. 3).

1.2 Standard Structural Diagram of Space Television / 20
Systems and Possible varieties of Them

Before proceeding to description of the structural dlagram of
the set of devices of the television system, we must dwell briefly
on the general structural scheme of the scientific part of radlo-
engineering equipment of the majority of spacecraft containing tele-
vision equipment.

All elements of the sclentific portion of the radioengineering
?%zipment)of the AES can provisionally be divided into five groups
B 1.1).

The first group includes the onboard portion of the radio tele=-
vision system itself., Regardless of the purpose and composition,
the task of space television equipment, 1ike any other television sys-
tem, comes down to transformation of light energy into electrlclty,
amplification of the signals received, mixing synchronization signals
and other auxiliary signals with them and transmisgsion of the com-
plete television signal to elther 2 radio transmitter, a memory device
or a local videomonitor.

12
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Fig. 1.1. Structural diagram of AES radlo-
engineering equipment.

The second group of elements provides for orientation of the
carrier in space and time. Orientation sensors determlne the posi-
tion of the local vertical and the direction of the movement of
the carrier. The stabilization system provides for spatlal orienta-
tion of the television light slgnal converter.

The orientation and stabllization systems can be roughly divided

into two parts: The first of them determines the position of the satel-

1ite with respect to some reference point, for example, the earth,

stars or sun. The second part of these systems directly controls the /21,

position of the satellite in space. Speclal clocks make 1t possible
to determine the time of receipt of information, for the purpose of
tying this information in to the geographlc coordinates.

At the present time, television equipment is belng used more
and more in orlentation and stabllization systems.

_ The third group of elements makes up the telemetry control, the
task of which 18 control of the most important parameters of the on-
board operating equipment and transmisasion of telemetry data to earth
or to the astronaut. For transmission of telemetry data from a long
interval of time to earth, there is a memory device in the onboard
telemetry equipment. Transmission of telemetry data to earth takes
place by a separate, special radio link, although transmission of 1t
sometimes takes place together with television information.

The fourth group includes receiving equipment and facilities for
decoding signals received from ground stations and their conversion
into the commands, necessary for control of the onboard equipment.
Onboard equipment, which automatically generates control signals for
onboard equipment from time signals or other primary signals must ne
included here. The composition of such equipment can include an ol
board computer,
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The primary Eower supply system must be the fifth froup of one-
board elements; 4t consists of solar and storage batterles and power

supply voltage regulation and stabilization systems,

A space tclevision system 18 a complex set of devices (Fig. 1.2).
Transformation of an object of space research to the form of a tele-
vislon picture on earth requires the use of a combination of diverse
processes: optilcal lmage formatlon, conversion of the optical imare
to a videoslgnal, transmission and reception of the video sipnal by
radlo, converslon of the videosipgnal to an image on the plcture tube
screen and, finally, making a photo of the picture tube sereen and
interpreting the photos. Such processes as optical image formation,
photography and interpretation are objects of study of large, inde~
pendent flelds of technology: optics and photography. In a television
system, these processes are subordinated to the overall requirement
of the best representation of the object by a videosignal and its effl-
¢lent transmission.

The initial optical lmage of a scene heing studled can be repro=-
duced with deflnite precision from a videcsignal tranamitted from
aboard a spacecraft to earth. Although the technlcal methods of for=-
mation of a videosignal in observatlion of a natural scene can be

diverse, they are based on the processes of converaion of a light /22

flux into electricity, storage of the information and scanning.

[ 1+]
noe
1

nte
ainy

Fig. 1.2. Structural diagram of space tele=
vision system.




A general standard structural diagram of a television syatem

is presented in Fig, 1,2. The ground pertion of this syatem 1a

examined in greater detall in Chap. 5., We note here only that a '

characteristic feature of the ground portion of such a television

syatem in the presence of an automatic device, which is a complete

ground layout, operating sutomatically from the incoming televislon

algnal. i
!
‘

Composition of the onboavd portion of a space televislon sya-
tem can have several atructural ersions, depending on the fileld of
uge and purpose of the particular system. The followlng versione are
the most widely used at the present time: electronic, electronic-
magnetic, photo television.

The first version is based on electronic instruments, princi-
pally television cimern tubes, and it has all the component
parts of the structural diagram indlcated in Fig. 1.2, with the ex~-
ception of the memory device. Both tubes 1in which the funetton of
conversion of the light energy i1s combined with the memory and the
simplest television tube, of thedlssector type, can be used as
camera tubes here.

e

Several improved verslons of television camera tubes with /23
memories have been developed up to now: isocon, secon, kremnicon,
vidicon with secondary electron multiplier and others.

The second version is a combination of an electronic optical~
electric converter with a memory device. Despite a series of works
carried out on memory devices {(the selectavislon system with record-
ing of a hologram by a laser beam, xerographlc systems and others),
at the precent time, the use mainly of magnetic recording devices for
the memory, among which the greatest preference ls given to cassette
type devices, 1s continuing. A description of the principle of opera-
tion of such devices 1s given in section L.3.

tographic %
R RHE | {

camera el liSht 1deo to radio
eledrid ignal .
‘ : O converte mplifier transmitter
| t

synchronizer

Fig. 1.3. Structural dilegram of photo
television equipment.

The third version also ie a combination of memory and conver=
eion devices, but operating in the sequence indicated in Plg., 1.3,
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Tnitially, by means of & camera On photographic film, memorization
of the 1nformation and, then, the 1ight~alectricity conversion are
carried out.

The specifics of planning a mpace television system flow from

the features of the field of use 1tself, A television aystem, as

has already been sald above, 18 a set of dlverse radicelectronic,
optical and photographic devices, to the features of planning for
which 8 number of works have been devoted [13,17,29,30), The overall
creation of a television set, of course, cannot and must not mechanl-
eally sum up all the problems of development of various devices gerv-
ing as links in this system. A television set planner elther uses
already created links (optics, cethode ray tubes, antennas and others) :
or only formulates the requirements for development of these links, ]
based on the general purpose of the television eystem. ‘

Planning a space television system consiste of synthesis of the
optimum version of a televigsion system, intended for golution of a
given, specific problem (obtaining images of a planet, monitoring [/ 24
the activity of a spacecraft and other things). The optimum sys=
tem in thls case encompasses a whole get of qualita-
tive characteristics: resolving power and viewing angle of the sys-
tem, energy consumption and mass of the equlpment, reliability, cost 3
and other things.

In the process of planning a multilink television system, the
planner leans on knowledge of varlous versions of its links: lenses, 4
cathode ray tubes, radilo channels and other things. All of these {
14inkes have their limitations in aolution of the planning task. The
entire system cannot be designed, based on the 1imitations of some
one link, for example, radio channels. Only taking account of the
properties of all the 1inks in thelr interconnections with the quall-
tative characteristics can guarantee solution of the problem of
synthesis of the optimum version of a television system.

The problem of synthesis of optimum systems 18 not gpecific to
space television alone, but to other branches of sclentiflc and
applied television. However, in space televislon, this problem be-
comes particularly acute, in connection with the high cost of a
scientific experiment 1ln space vegsearch and, consequently, the high
cost of each bit of video data.

The problem of selection of optimum system parameters (frequency
bands, number of lines, frame frequency, degree of reliability,
energy consumption, stability, mass, cost and other things), eappli-
cable to a given purpose of the system,1s new for television tech=-
nology. There 1s no such problem in planning television broaedcasting
gystems. In fact, 1t is well=known that the baslc parameters of a
television broadcasting system (black-white television) are strictly
regulated b% state standard GOST 7845-55 [31]. In accordance
with GOST 7845-55, the freme frequency equals 25 Hz, at & field fre-
quency of 50 Hz, and the number of 1ines per frame 1s 625. The
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Fig. 1.4, Amplitude-frequency
characteristic of redio trans-
mitter standardized by GOST

78“5-55 ¢

characteristics of the videochannel have a drop of not over 5% in
the frequency range up to 7.5 MHz.

fraquency charaacteriatiecs of the
image signal and audio signal

redio tranamitters

must correapond to those aperified
in Fig, 1.4 and in Table 1,2, The
raquirements as to these parameters
of the system, which were not encom=
passed by GOST 784K-55, are estab-
lishad in the technical specifica~-
tione for televislon transmission

and recelving equipment,
parameters are, for example, the fre=-

Ameng, these

quency characteristics of the video
channel of the transmitting equip-
ment in television centers. The
technical specificationa for thie
equipment require that the frequency

In broadcast television, the

frequency characteristics of transmitting equipment videochannel do

not limit the video frequency transmission band.
tubes aliso are capahle of generating videosignals

Modern transmitting
which contain fre-

quencies going beyond the framework of the transmission band standard-

ized in broadcast television.

However, in a televislon broadcasting
(black-white) aystem, the video frequency transmission band is limited
by the spread of the image and audio

carrier frequencles

and, in accordance with GOST 7845-55, f, = fqa =10 " 6.375 MHz.
TABLE 1.2
gEavaren |
txr ,no t

. Fragﬂt;:ncy Imaée 5320 9 Note

| d8 d

o - dB —

L fi & below 20 s hfd =~ 1,25

| & ~ o -Fd = 0,78
}s & below 20 fo M - G076
2 ~ - futo +0.926
f» & above 20 20 he=fd + 6.75
o - fon+fdd -4 0.5

Improvement of the resoluytion
erease in the amount of transmittable videoinformation in a broad=-
cast television syetem is possible theoretically, only within the
video frequency range up to 6.375 MHz and 625-1ine discretization of

a frame.

T PP .

of television images and in=-
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Everything which has peen stated about the chapacteristics of
planning monoehromatic space talevision systems aoncema planning of
a space color televialon system.

The main task in planning color television recelvers in a ground
broadcast system is achievement of the minimum cost, the closest to
the coat of adblack-white telavision set. Thils problem is not poned 1n
designing a 8CT3; on the contrary, the problem 18 184d down of trans-
ferring every complication necessary for operation of the SCTS from
the transmitting end of the system, located aboard an AES, to the
ground recelving equipment. The specifics of space systems give @&
great advantage in designing color gyatems. As has already been
pointed out, in planning and calculating monochromatic broadcast sys-~
tems, the choice of optimum system parameters 1s impossible, because
of limitations opposed by the corresponding GOST. The same thing
occours in planning color proadcast television systems.

For planning & SCTS, the absence of these restrictions is inore [ 26

important than for monochromatic ones. A 8CTS 4in which the basic
requirement on broadcust systems, compatibility with monochromatic
systems, becomes guperfluous, can differ from one another, not only
in use of different scanning standards, put by method of tranamigsion
of color signals., Both sequential and gimultanecus transmission

methods can be used in them.

The parameters established in GOST 7845-55 are used in the newest
modern space television system (radio transmission distance 48 about
2000 km); it is the space pranch of the broadcast television system.
The rules of compatibility of equipment for tranemission of color and
monochromatic images must be etrictly observed here, to eliminate the
use of two similar types of onboard equipment. A similar system is
sultable for observation of the cloud cover of earth, from distances
up to 20-40 thousend km. In the future, in proportion to increase in
mess of spacecraft and perfection of radio engineering equipment,
multifreme electronic systems will be able to handle all orblts
more distant from earth. However, 1t 1s evident that, 1in the future,
it will be possible to obtain television lmages of the planets of the
golar system, Mars (minimum distance 55 million km}, Venus (minimum
distance 40 million km) and others, only in a frequency band narrower
then 6.375 MHz. Moreover, study of the surfaces of the planets snd
other space research involve the necessity for increasing the resolv=
ing power of the television system to values which greatly ex: 2ed
those attainable 1n proadcast television.

Transmission of an lmage from a distance greater than 0.5 milllon
km and increasing regolution of of televigion systems to the maximum
value, which is determined by the capabilities of the light~electriclty
converter, as well &as & number of other requirements, can pe put into
practice Dby means of uslow=scan television. Solution of the problem
of compresaing the frequency pand in televislon transmission of images
of rapldly moving space objecte and increasing the resoluilon
of television systems 1s set forth in Chaps. 2 and 3.
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: In the design and englneering development of onheard equlip-

g : ment for space televislon, sclentlfle resgearch, meteorology,
eta., the primary requirementa are: high reilablility, dimenaslons,
long service life, compactnesm, automaled cperation and the
poaaibllitcy of improving separate elements.

Two more additional requirements are placed on equlpment
operatlng directly in space!: capacity for operating in the
vacuum ¢f space and heat conductivity.

Sueh concepts as religbility, mass, hermetic sealing and
automatic operation are specific for any onboard radlo engilneer=
ing equipment, and do not need explanation.

The service 1life, 1.e., the time of actlve operation of /21
television equipment, differs in different systems. In ali
systems intended for scilentific research, the service life 1s
short (a few days). Tn proportion to extension of this research,
the service life of television equipment will increase. Up to
now, the service life of space vidco communication systems also
has been short. However, in distinetiocn from sclentific systems,
in apace television, 1t depends, not on the time of conduct of
an experiment, but on the stay time of pecple in the spacecraft.
Television equipment for meteorological purposes should have &
quite considerable service life. It is desirable that thls equlp-
ment be able to operate at least one year, 5=6 hours daily; in

this case, the equipment reliability during the time of operatlon
should remaln high.

Compactness of equipment, or the spacefllling factor, is
estimated by the ratio of the volume occupled by parts, units
and mountings to the total volume of the equlpment: “'Vparta/

Vequipment.

With the change to micromodule and film construction, the

spacefillling factor increases sharply. For onboard devices, 1t
must reach values v>0.75-0.8.

The possibility of improvement in separate elements is
implied by modular deslgn, which permlts replacement of any of
the modules by more nearly perfect ones.

Under the influence of high vacuum in space, mutual diffus-
sion of metals takes place and normal lubricants disperse., There=
fore, 1t 1s necessary to avold rubbing contacts as much as possi-
ble, to provide for special lubricants and, in lndividual cases,
hermetically sealed housings. The question of heat regulation
is 8till more complicated than capaclty for operatlng under space
vacuum conditions. For artificial internal heat regulation, the
stay time of the spacecraft on the illuminated side of the earth
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and In 1lte shadow muat he preclsely taken Inte aeccount, I'o
ohtaln average temperaturesa, the mogt highly heat lnsulatlng
materinls must be chogen.

The maximum mlcromintaturization, maximum compactness, minl-
Tt we tpsht.,  prolonged operating time wlth high reliabllity,
operation in vacuum and other requilrements lend to bulky npocle-
fles, not only for the gystem, but for the deslgn=englneering
development of onbonrd equipment,

In development and constructlion of televislon aystems, 1t
muat te consldered that the requirements of minimum energy cone
sumption, woelght and slve are placed only on the trans=-
ritting (onboard) television equipment., 'The ground recelving
television equipment can be of qulte complex design. In dise
tlnctlon from broadcast television systems, the multimillion
stock of televislon sets of which do not permit use in them of
compllecated technical methods of increasing imagr quality, in
the recelving equipment of a space televislion system, the use
of englneering solutions of any complexity ls possible. Decreas=-
lng the loss of the most valuable sclentific video information /28
in recelving it from space Justifies the complexity of the
recelving equipment.

Planning of a compllcated space television system cannot
be completely formalized at the pregent time. The difficulty
is due, on the one hand, to the complexity of the structure of
the televislion system, including a large number of varied links:
mechanical, optlical, photographic and the radlio engineering
equipment 1ltself and, on the other hand, the necesslty for
slmultaneously taking account of many, varied planning criteria:
the energy consumed, the welpht and size of the equipment, light
senslvivlity and image quality, reliability and cost. The develop-
ment of space televislon theory should ease the requlrements of
the englneers 1n the stage of formalization of the process of
planning speciflc systems. At the present time, television
theory can encompass only the major planning criteria: 1light
sensitivity, technical quallty of television lmages, transmission
range, and, based on them, it can glve a method of calculation
of these system parameters., Ior this, television theory should
include the optimum reception theory and information theory.
Much work has been devoted to the use of information theory in
television. However, 1n those works, lnformation theory is
drawn on for solution of the problem of comprosuslon of the video
frequency band of' broadeast Lype television systems, by means of
elimlnatlon of statlstlcally excessive televislon images. These
works have specifled looking at information theory and television
as a means of finding different methods of statlatically coding
television images, for the purpose of coupression of the video
frequency band. 'The results of thesge cof'f'ortu have been dealt
with in detail in work {32].
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Prom the moment of Atn development, space televislon hun

been buped on the §low-nean

method of compronslon of the video
frequency band and, in thls nacnse,

statlatlienl codling has been

conaldered only as a method of a small addltlonal compresnlon of
the video frequency band, the efflelency of which ls determlned
by the aceeptable depree of complleatlon of onboard equipment.

1.3, Video Signal lormation,

Light and Spatilnl Amplitude-

Mrequency Characteristlica,

The princlple of storage (nccumulation)

means of controlling nolse.

of energy 1ls n

1 1s based on the use of varlous

relatlonships for summing up the enerpgy of a repeatlng signal

and random nolse.

Mhe difference 1n these relatlonshlps leads

to an excess of the signal over the nolse 1n summlng up thelr

energy .

This principle can be put into practice in a television

camera in the simplest form, by mecans of an electrlcal fllter,

a video amplifier or, in more complicated form, by means of /29

film storage.

The method of nolse ontrol by means ot filtratlon, accom=

plished by a video amplifler, is inherent 1in narrow=band m:chanl-
cal television systems. Let us examlne the formatlon of a video
signal in an onboard camera of a narrow-band mechanical television
system. Such a camera (l'lg. 1.5) has an "instantaneous" solid
viewing angle of A ¢ steradians, The mechanical scanning devlce
swings a mirror and moves the viewlng angle ln sequenceé over the
field of observation. In accordance with the content of the
sectlon of surface observed (for example, a section of the sur-
face of o planet), the light flux gathered by the lens enters u
photomultiplier (PM) and causes modulation of the electron flux

at the PM output, 1l.e., formation of a video signal.

" The electron flux, like
AT, the photon flux, 18 a source
"{ﬂﬂtﬂ;,h mirror of nolse and, therefore, carries
?I,@%m, wlith 1t the video slgnal mixed
bl with notse. Lixtractlon of the
e lons video signal from thls mixture
'|~ili- dia- 1s accomplished by a fillter,
| phragm which 18 a video amplifiler,
( Owing to the rosponsce of the
! video amplifler, which is eval=-
Vigg?tgiggia[::f%::] uated by a certain tlme constant

-

Fig. 1.5. lxplanation of opera-
tion of television system with
slngle=element storage.

1, the energy of this aignal
and nolse 1a summed up durling a
finlte interval of time equal
to 1.




In opder to bhetter Lllustrate the effeet of photon nolae
on the video glgnal formutilon procens, let us vensilder the
problem of detectlon of a solitary apot on a uniform background,
Let the ¢ontent of the obaerved surface poctlon (x,y) be a
alngle whlite spot on a gray background. We select an instantane
cous viewlng angle #, equal to the angular dimension of the
spot. We arbitrarily divide the observed suprface (x,y) into
elementary secctlons, each of whitch subtends solld angle A ¢
(Mlg. 1.%). ‘he c¢amera filter, in time v, sums up Ny photons
from elementary section 1 of the surface backgEound X,¥), Ny
from sectlon 2, Ny from the i-ith aectlon, ete, The number of
photons fluctuates around a mean value in changing from one
elementary scction of the background to ocnother,

The number of photons summed from each elementary section /30
1s 3 random value, and 1t 1ls subject to the lotlason distripution
lawe:

W,

" 4

tnl

where I, 1s the probabllity of m photons impinging on an elemen=-
tary sectlon, where m = 0,1,2, ..., Ni' 1s the meun number of
photons impinging on the i-th elementary section,

As 1s well=known, for the loisson dispersion law, oﬁ, l.e.,
the noise power, equals the mathematlcal expectation, 1l.e.,

o N,

the root mean deviation of the number of photons (photon nolse) .

Oy ' AV.

T'he mean number of photons summed

AINTAYEN NI

1For gimplicity, we conslder that the quantum yleld of the I'M
equals unity and that there 1s no inherent noilse in the M.

2The statlstical approach in determination of maximum sensitivity
of television transmitter tubes was flrst reported in work [8].
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where a 18 ghe mean numher of Bhotonﬂ in ore lumen per aecond:
a = 1.3+10%0 photon/lmesec; M*° 1s the area of the projection

of the elementary sectlon of the fleld observed on the FM

(stopage zone)} B, 1s the luminance of the background in the

plane of the M pﬁotocathode. When the white spot, with luminance
B enters th1e camera viewing agsle, the mean number of photons
summed by the stovrage zone M- In time T increases to a value

Voastn

The value of the signal from the white spot on the gray back=
ground 1s determined by the difference in a number of photons:

AN NNy adBEQB TR a\BFTAB (1.1)

Tt 1s clear that the signal is directly proportlonal to the
difference in exposure and area of the storage 2zone. The root
mean value of the photon noise of the background

, l ‘Nn l ] \f“‘l'ﬂ_l;. (1.2)

Dividing quantity (1.1) by (1.2), we obtain the slgnal-noilse
ratlo of the camera output:

!
AN AN e il e
ll,\ 0" l N, l '.“'h \’ ' . (1 . 3 )

H

It 18 clear from formuia (.3) that the output signal-noise
ratio from a spot with a glven area & 22 can be improved only by
meang of increasing the storage time T,

For detectlon of the spot, 1t 1s necessary that the output
signal-noise ratlo exceed a certaln threshold value qip, 1.e.,
condition q, » qgpy or AR a qppop.

The least detectable drop in illumination /31
\ \Illli iop T
oo N .'a.\lf“ P {(1.4)
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Subsgtituting the
in (L.AhY, we ohtaln

\ ‘f‘- RN ' Htl-
' [T WO

It 1s clear from formulas (L.4) and (L.

values of Byy and A&
old value & By

value of the baekground photon nolse (1.2)

(1.5}

5) that, with glven

the only meana off reduction in the threash-
of Lhe 1llumination drop detected (large white

square on gray background) 1g an increase In bulldup time T.

By increasing the video amplifier (filter) time constant,

with a corresponding slowlng down of the scanning rate,

bulldup

times can be achleved, in the type of camera belng considered,

of 0,04 sec and more,.

if an lmage contalina 10Q°%

Such an increase in bulldup time makes 1t
impossible to obtaln 1m%ges of rapldly changing scenes.
elements,

If fact,

for _a time T = 0,04 sec, we

obtaln a frame transmission time of 106 1 = 4.104 ~ 11 hours,
1.e., the scene belng studled must be practically immobile.

The problem of lncreasing the buildup time during observation
of rapldly changing natural scenes has been solved in television,
by means of f1lm storage devices 1in the televislon camera

tubes.

A photograph of various types of camora

tubes

avallable to televislon is presented in Fig. 1.6.

@“@(0

. \. ‘l -QMY'
'\

Fig., 1.6. Television camera

tubes (from left to right):
yldicon with 12.5 mm diameter
bulb, vidicon with 25 mm dlameter
bulb, vidicon with 40 mm diameter
bulb, sccon and superorthilcon,

or internal photoelectric effect 1s observed.

¢imoer
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Let us examine the baslc
procesgses of video signal
formation in cameras with
f1lm storage devices. Infor-
mation on the scene belng
transmitted 1s represented,
by means of a lens, in the
form of a plane optical image,
which can describe the spatlal
function of luminance from
coordinate B(x,y). The optical
image is formed in a plane /32
light=gensitive layer 1in the
cameti tube, Direct
interaction between the lncl-
dent photons and electrons of
the material takes place in
this layer, l.e., an external
Therefore, televislon

tubes are radiation photon receivers [9, p. 188].
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Televialon camern tubea with external photo ef'fect have n
translucent photoeathode applied on the inner aide of the plaas
output faceplate, The Interaction of the photons with the
electrone in the external photoelectrlc effect 1s deseribed by the
well=known Einateln equatlon

V]
L I mp IJ,
. "1 ' m.-»ln,---

i [

(1.06)
where h 1s the Planck constant, ¢ 18 the speed of light, A 1s the
wavelenpth of the llght, e and m, are the charge and mass of an

electron, eV is the work functiof of an electron in electron volts,
Vo 1s the velocity of the emitted electron. -

The external photoelectric effect 1s observed for radiation
with wavelengths in the optical range, from the ultraviolet to the
red limit A « The red limit of the external photoelectric effect
is determinéamfrom the Einstein equation at Ve T 0:

A ,‘,'|'V.
1im (1.7)

In vidicon type television tubes, the internal photoelectric
effect in various semiconductor photo layers 1s used. The red
limlt wavelength in the internal photoelectric effect can be deter-
mined from formula (1.7), where the value of eV should be treated
as the forbidden bandwidth in electron volts {9, p. 2021,

Beslides the external or internal photoelectric effect,
processes of storage and readout of the charged image, in combina-
tion with amplification of the electron flux, takes place in tele=
vision tubes.

In tubes of the supericonoscope, superorthicon and secon types,
by means of secondary emission or secondary conductivity in the
storage (transfer) section, amplification of the electronic image
1s achieved, Amplification of the electron flux 18 used in the
readout section, by means of a secondary electron multiplier (SEM).

Let us examine the processes of storape and readout of a dis-
charpged image taklng place in the tubes,

Storage Process

Vidicon. A transiucent metallic layer of the sipnal plate and
thin semiconductor film, having internal photoelectric effect, the
film storape device, 18 applied on the inside of the end pglass face=
plate of the vidicon (Fipg, 1.7). Durilng the time of exposure, under
the action of the optical imape B(x, y), focused in the plane of
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‘ the f1lm atovage device, a latent imape forms on the surface of /33 i
the storage film facling the electron beam, In a form correspond=- %
ing to the image of the distributleon of charges Q(x, y, t), which we a
call a "chaprged" image for short. By analopy with the optical imape, 1
1t =an be estimated by the value of the drop AQ between parts of |
the image, as well as by the contrast AQ/Q. The process of forma= |
tion of the charged image is characterized by time Monponse, With
increase in exposure time T, the excess of the value of the drop AQ
between two light halftones above the nolse power of the charped
image (prailniness, caused by the discrete nature of electrical
charges) increases {107, This process 1s the essence of the storape

; method in the vidicon and other camaelit tubes.

} signal plate
' glass photosemiconductor

film clectron gun
‘len >
1 ~ 4 R 4, i
L*____‘beam thermocathode j
video signal anode
~load

Fig. 1.7 Diagram of vidicon

Supericonoscope. The optical image is focused in the plane of
the translucent photocathode of the tube (Fig. 1.8)., The stream of
photoelectrons 1s transported to
the storage device, a dielectric

dicleoctric film
f1im, by means of an electro-

lensgl $2phot§21 170} aiqnal magnetic focusing system, on the
cathode plate other side of which there is /3K
~ \N-r---e-—-- a metallic signal plate. Bom-
=" mmmeme bardment of the dielectric film
N f video by photoelectrons causes secondary
ol o 4 Tsignal emission. The secondary electrons
Al I are collected by a cylindrical
iér' loa collector surrounding the storage
cleetron qun devlce. An accelerating fleld
between the collector and stor-
Fig. 1.8 Diagram of super- ape device (tube target), which
iconoscope can differ, depending on the

equilibrium or nonequilibrium

recording mode (see sectlon 3.6),
. determines the fraction of the

secondary electrons removed.
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As a result of bombardment of the f1lm with phatoelectron’ and
secondary emission, A charged image Q(x, y, t) 18 built up on the
surface of the f1lm satorage device,

Supevorthicon, The bulldup proceas in the superorthicon is
similar to the process in the supericonoscope, The difference
between the hulld-up seation
glass of the superorthlcon (Fig.
ﬁmotoeathodﬂ multiplier 1.9) and the bullde-up sec-

len grid . £ilm : tion in th i
) j --jh ﬂpgy&::ngﬁf% 1s that the secondary elece
- m“i tron collector does not have

X}Sﬁil e cylindrlcal shape, but the
Ve m load" shape of a fine-mesh grid,
which 1s located in direct

proximity to the surface of

Flg. 1.9 Diagram of superorthlcon the fllm storage device
belng bombarded by photo-
electrons,

X signal plate electron
ens photocathod arget gun
. Photacathode AL i Secon. The storage

N \
S—_— l . device in the secon (Fig.
tmwi” ) o 2 Uy 1.10) 1s a dielectric tar-

1 get, operating by use of
glass L-_*__$81n secondary electron conduc-
i
ng&ﬁ"ﬂ _,loadanc’de Ehexmocathode tivity. The stream of
photoelectrons 1is acceler=-
o ated to an energy on the

H order of 6=10 keV in the

Fig. 1.10 Diagram of Secon transport section, it pene-
trates a thin metal signal

plate and falls on the target. The target materlal 1s a porous di-
electric [11]. Under the actlon of high-energy photoelectrons, a
large number of free secondary electrons, having a low energy level,
is formed in the target dielectric., Under the influence of the
electric field of the target, these electrons are directed through
the pores of the dlelectric to the signal plate, and a charged image
corresponding to the optical one forms on the target. For each
incident photoelectron, there are 30-100 secondary electrons on the
average reaching the signal plate. Consequently, amplification of
the electron image with a very high coefficient 1s accomplished .
before the bulldup process in the secon.

Readout Process

The charged 1lmage, formed as a result of the bulldup process,
can be read out from the film storage device, by scanning it with
a sharply focused beam of fast electrons, causing secondary emission

with a coefficlent o<l ("hard" readout beam) or by a beam of slow
electrons with g<l (%“sort™ readout beam). 'I'ne processes of readout

of video information from the target by a "hard" or "soft" beam have
much in common: In both cases, the main bulk of the electrons re=-
flected from the target by the "soft" beam and secondary electrons

with the "hard" beam have low initial velocities, on the order of
1-10 keV. 27




The eharped imapme Q(x, ¥) on the fllm stopape device, topetherp

with the charmes on Lhe chneprn

tube elegtroden, crooten a

feld, the voltapme of which ln the vielnity of the {'1lm corpenponds
to the value of the charpre, We ¢nll the distributlon of the

potentlal In the plane of the ntorame doviee U(x, y) the "potential®

Image. ‘The potential drop AU(x, y) In Lthe storapme deviee eouses
modulation of the flux of low=apecd e¢leoetrona (reflectod orp
sccondary clectronn) during scanning by the beam, 1.,¢., they are
the cause of flormatlon of a video slpnal. ''he video slgnal current

value can be estimated by the approximate formula I‘(t) AW (T
where T, 18 the readout beam current, Al 1s the pot&ntiul drop in
18 the constant potential difference,

the fii“ storame device, U

YAUT

{) bt

determining the constant cgmponent off the voltage of the fleld In
the area of the storape device, S(U,) 1a the mean slope of the

current~-voltage curve of the elemen

device,

read out of the film storage

I'or readout of a charped Ilmape wilith a total charpge Q,, the
electron beam should introduce a charge Qro = IbT>QM in tNe frame

length time T.

The interaction of the beam electrons with the U(x, y) fleld
in the plane of the storage device (target) leads to generatlon of

two signal currents.
14 tarpoet curroent I

Applled Lo Lhe vidicon and secon tuabes, 16
taken off the signal plate, and current

]
of secondary emisﬁlon electrons, polnpg from the target to the

T
2. Ih- <
afi6de or to the SIEM: oI, = I,

liach of the currents

+ 1 ..
Ica

and T _, 1s modulated by the U(x, y)

field and carries 1nformat18ﬁ on th&"stored Imapge. In the vidilcon

and secon, current I

1s the video sipgnal, flowlap In the signal

plate c¢ircuit. In tﬁé superorthicon and vidicon with SEM, using
a slow electron beam for readout, current Icq 1s the video signal,
entering the SIM, where it is amplified 2501000 times (Fig, 1.11).

1 plate .
signa Bh&tnqemiconductor

ilm eam
thermo .
f ;“f cathode
the

{do
yideda

maltiplicr
U load

g, 1.11 Dilagram of vidicon
with SEM

A televialon d¢amern

In the electron bLean
scanning process, dlgscretization
of the image takes place in the
plane of the fllm storapge device
and charped imape readout, into
individual lines (the video sip-
nal 1s continuous within a line)
or into indlividual "points" (the
pulse readout method)[12].
Information on the start of each
line 1s transmitted by means of
auxiliary pulses, renerated by
the synchronlmer [13].

tube can be considered to be a viden

sipgnal current generator, having a very high internal reslstance.
The value of the video slpgnal current is determined by the scale

28

/36

el o it




(amplitude) aof a pulse of aurrent I , formed in readout of the
oharged lmape from a white square af larme alze on A black back=-
ground [14], Tt 18 very simple to obtain an approximate eatimate

of the value of T . Readout of the charge 18 accomplished by a
focused electron ﬁeam, forming a readout spot on the target with
dimenaions Al_ and Al_, by line and frame, respectlively. The value

of the readouf apot cHarpe AQ = ep(RTYAL_AL , wherg p(RT) electrons/
m  4s the densilty c¢f the electrons ator8d In 1 mm® during exposure
time T of the white square with luminanece B, lux,

The charpe AQ is read out In time At = Al_/v o? where vro,lmu/
sec 1s the scanning rate of the readout beam a¥onk®a l1ine.
In thls case, current /37

Lo ‘\“' nep(HHe A,
(1.8)
is formed, where n 1s the readout efficlency.
The slze of the spot read out across a line depends on the

size of the target 1, and the number of llnes scanned 2z, and 1t
does not exceed a ce?tain value

Ay - d 2 < Alnax,
(1.9)

where d 18 a coefflclent.

Substituting (1.9) in (1.8), we obtain an approximate estimate
of the video signal current, as they say, from a large detall

I, ndepBNv ra?'“

(1.10)
or
iy
o ndepBT) 5,
where
I LAy
2‘0'7' Itlp .
is the frame readout time.
29
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Formula (1,10) shows that the video salpnal eurrent, determined
by the density of the stored eleactrans p(BT), 1n the firat approxi-
mation, 18 direetly proportional to the poanning rate and
inversely proportional to the line density 2/1,. re

Unfortunately, for formula (1.10), 1t 18 difflcult to ealou-
late the derivative of the coefficients nd, determined by the ratilo

of the %aerul charge read out to that atored on a tube tarpet wlth
area 1,%:
[

o g 75:0 )
v () l."’,

This situation, in comblnation with the nonlinear dependence
of stored charged density p on exposure BT, causes the video signal
current Ic to be found, not by calculations, but experimentally,

Let us turn now to questiona of formation of a video sipgnal in
a phototelevision transmission system (PI'S). Photographiec film is
used as a light-sensitive element here. During the exposure, under
the action of the optical image focused in the plane of the photo=
graphic emulsion, a latent photographic image 1s formed. The process
of formation of the latent image is characterized by time inertis,
l.e., with increase in time, the exposure increases the number of
development centers in the photographic emulsion layer,

After development, fixing and drying, the negative is deliv- /38
ered to a photoelectric converter. The chemical process 8f
development increases the effect of light by more than 10 times.

Readout of the photographic image 1s accomplished by scanning
it with a focused light beam (a traveling beam device or optical-
mechanical readout device).

The image on the negative modulates the light flux entering
the photomultiplier, which converts it to a video signal.

In scanning the plane of the photographic negative, dlscre-
tization of the image into individual lines takes place. Both the
photographic and television subsystems participate in formation of
the vldeo signal. For planning a phototelevision system, reducing
the photographic signal and the photographic noise into the video
signal is of preat importance., The maximum signal scale on photo~
graphic f'ilm corresponds to the density difference of the negative
D % - D 3 in the working section of the characteristic curve of
73 photgfflm, it 18 a linear function of exposure (Fig, 1.12).
The noise value ls determined mainly by the root mean fluctuatian
of the negatlive darkenlng from the mean value of its density.

?his value)changes with change in the mean density of the negative
Flg. 1.13):
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0, t'llllhl| A”H 1,

where conat 1a a proportionality factor, a 1s the area gf pro-

Jection of a mrain,
of the scanninpg aperture.

thog
“ma
il
N .. © et e s i
ST T logr
Fip, 1.12 Photographic film

characterlistic curve

Fig. 1.13 Photographic noise
vs. negative denslity for two
types of photographic film

Tn

g =

Fig. 1.14 Negatlive transparency

vs, exposure

18 the mean denslty value, Al

18 the area

Usuaily, in ealculations of
photographle pystema, the value
of tho noise measured by an aper-
ture 24 um in size, in scctlons
of the nepative with & density of
0.85 above the density of the
for,, In the process of read- /39
out of the photographilc 1lmage,
the video sipgnal 1s proportional:
to the transparency of the photo=-
graphlc negative Theg' In this

case, its maximum value 1ls stan-
dardized from the value Tneg max’

The minimum value of the video
signal corresponds to Tneg min®

The minimum signal amounts to

the video signal in a photo-
television camera 1s standardized
and 1t. is a nonlinear function of
exposure (Fig. 1.14).

One of the advantages of
the phototelevision system is
the possibility of sequential
(by section) readout of the image
from the photographic film which,
with the same equlpment unit data,
permits an increase in definitlon
by means of increasing the trans-
mission tlme.

The results of the processes
of transformation of the optical
imege into the electrlc video
sipnal in the television camera
are evaluated, by means of light
and spatial amplitude~frequency
curves,

The light and spatial amplitude-frequency curves are found

experimentally, 1.e., by means of testing the
In calculations, these characterlstics

a laboratory installation.

gnnmera tube in
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ean he approximated hy formulas, taking acoount of the aharaateris~
tlems with different seanning standards,

In measurement of the 1imht characteristics, a 1ight aquare
(or rectangle), wilth lumlnance By on a black background B,y 18
projected on the photo layer of the tube, The dimenslaons of the
white square are made quite larpe (on the order of 0.) of the
several layer dimensiona), The luminanee of the black backmround
B, 18 held conatant; in the fipst approximation, B, = 0, "The
dBpendence of the video signal current pulne ampligude, formed by
1llumination of the white nquare on a black backrround, on the
variable 1llumination of the square 1s measured:

I, 1) Hymo
Tmeunal (1.11)

Funetion (1,11) is called the light characteristic. Lxamples
of light characteristics of television tubes are presented in Fig.
1,15, The closeness of the concept of light characteristic 1in
televislon and the characteristic curve in photographv is obvious.
This simllarity increases, if, not the luminance value B, but the
exposure value BT, 1s plotted on the abselssa of the light curve,
taking account of the interchangeability of B and T (see section
3.2), and it 1s changed to a logarithmic scale.

The saturation section of

E. W B g Ghe light characteristic is

' ' : ‘ explained by the capability of
the film storage device (target)
of the tube to bulld up only a
finite electrical charge, by /40
virtue of ilimitations c¢: the

» capacltance of the storage device

7

7 R R T R VL TR L

Exposure,lx-sec Exposure,lx:sec and the potentlal difference.
This places an upper limit on
Fig, 1.15 Light curves: the operating range of the
a) slow=scan vidicon (frame exposure. It is limited from
readout time 10 sec), b) secon below by the threshold value of
(frame readout time 1/30 sec), measurcement of the video sipnal
from data of work [11] current. The working range of

1llumination t'rom B,, to B m?
reproducible by the television tube, is 8lgnificantly Egss th&ﬁ )
the range of 1llumination on observed space obJects.

By verying the exposure time, light filter denslty and diaphragm
opening, the limited range of illumination of a natural scene of
interest to an observer can be matched with the operating exposure
range of the television tube. 'The density of the neutrai light

_ filter and relative diaphragm opening of the lens regulate the
- illumination on the photo layer, in accordance with formula
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l 'y
b gyweOfhb yhave By, 18 the 11lumination of an obleet having n
acefficient of refleatlon 113 O 18 the relative diaphrapm opening
of the lena and va 18 the transmlanlon coeff'lelent of the light
f1lter, topether with the lens,

Howaver, a acorreet cholee
oft exposure ntlill does not
runrantee veproductlon of an
objeet, deseribable by the
the dependence of Llluminatlon
on the B(x, y) coordinaten,
called the optilceal imame. 'Thig
functlon has very amall drops in
1llumination Al}, determlined by
the difference in coefficlients
Mpge L.16 Distribution of of reflection of parts of the
1llumination alonpy a line objeet (Fig, 1.16)., Let an

optical 1mapge B(x, y) contain a
detall, in the form of a white apol (square), with luminance B,
forming an illumination drop aB %o a pray backeround B, It 1s
evident that, for reproduction of ihe drop, condition ?1.“) must be
satisfied; 1t was established for an ideal summatlon of photony /41
and with the assumption of an unlimited, rectilinear light char-
acteristic., Nonlinearity of the lipht characteristic must be taken
into account. The video sipgnal current from a white spot on a pray
background can be found from the light characterlistic, as the
difference in currents (Fig. 1.17)1, AIc = IC(BT) - Tc(BbT)'

7y

In connectlon with the fact
that the lipght curve of a
camern tube has a saturation
s2ction, the task of effectlve
use of the relatlively narrow
operaling range of 1llumination
arises. The cdifficulty arlsing
here 1is caused malnly by the
fact thit, as 1s well=-known, the
luminance ot an incoherent optical
imapge cannot be suhtracted.
However, conversion of the lumi-
nance of an optical imape into
charges, potentlals and currents
makes 1t posslble to subtract
Flg., 1.17 Pindlng video slpnal values and to carry out other,
from llght curve subsequent special processing

lThe superorthlcon reproduces a small bright detail when
operating in the saturation sectlon of the light characterilstlc,
owing to the operation of subtracting the backrmround potential in
the target of the tube, determined by redistribution of the
secondary electrons,
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operations, Tt 1a evident from Fig., 1,16 that function B(x, y)
does not f1ll the range of 1llumination from B h ¥o By, uniformly,
which 18 eaplained by the preasence of envelopeﬁ of th& Funite" Bw
and "black" B_ funetlons, which are plotted by dash lines in the
graph, Elimination of these envelopes would permit development of
the charged image on the target, with the purpose of more effi-
clently using the dynamic range. Such developing, as applied to
the video signal current, is reported in greater detall in section
3.8, It 1s based on elimination of the lmape envelopes, with
subsequent carrying out of the subtraction and division operations.
A difficulty arises in camera tubes with elimination of the
spatial potentlal distribution envelopes on the target, The cost
of reduction of efficlency in the developing can change to & more
easlly accomplished method, subtraction of the mean background
component on the target, by means of irradiation of the target with
a compensating electron flux (see, for example [15] page 160).

The concept of contrast k 1s widely used in televiglon; it is/42

defined as a relative value of the illumination drop with varied
standardization:

Ly Hllp o AB

i S A ME
_ B=r Al
by o vy mw e k€10, o0],
B }-p Hy
he 0T Ry (1O, 1)
B-é-ﬂg  C10, 1)

(1.12)

Conversion of light contrast, determined by formuls (1.12),
into the electrical contrast of the video signal is accomplished,
taking account of the contrast coefficient of the light character-
1stlec, expressed in the logarithmic scale:

Yy (1.13)

'7ﬁ$%59* is the contrast coefficient of the light
o ibT

where Y
characterlstic log I, = ¢(longT) on the logarithmic scale,

It 18 clear that the contrast ccefficlent of the light char-
acteristic 1s a function of exposure Y = y(B,T).

The electrical contrast AI /I of the video aignal can be
changed, by means of operation &bo%e the potential contour on the
camera tube tar @t or above the video signal. The electrical
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potential on the tube tarpget and the eleetrieal video pipnal permit,
in dlstinetion from 1llumination, the operation of subtpraction,
which ecan inerease contvast to the maximum value, This operation

ls called the video slpnal contrasting operation, Tt 1s used in
video amplifiers,

Tn the dependence of the video sipgnal cuppent AT on the two
1ight quantities AR, B. (see formulas [1.121) can &hange to the
arpuments k, Bb, which 1n91udﬂ the concept. of contrast.

I'ne process of lipht-clectrical converaion 1s evaluated from
the lipght characteristic for larpme detalls of an 1mape. The lipght=
electrical conversion for small details is evaluated, by means of
the spatlal amplitude-frequency characteristic, determination of
which 1nvolves a linear model of a television system.

1.4 Conditions of Il'easibility of System.
Selection o agic Televislon %arameters.

For calculation of any television system, the initial data,
the planning criterla, are needed, The latter are determined as
functions of the field of use, purpose and characteristics of the /i3
object beilng studled (subject) and the means of observation. All
planning eriteris values are reduced to a technical task (TT).

Planning criteria must be divided into two groups: primary
and supplementary.

Among the primary planning criteria, in accordance with tue
informatlon problems of television, are requirements as to image
quality, light sensitivity and transmission distance,.

Based on these requirements, the primary television parameters
of the planned televislion system are determined (calculated):
number of lines, frame length, amplitude=-frequency characteristic
of television system, video frequency band, sensitivity ©f 1lipght
electricity converter, transmitter power and antenna gain.

.PWE'M Riag" Lﬂ' Beastd E%E%‘“‘lu SR,

- . - t o -
brscerth | £22847 | fabesn %:’hj'
i ria
L Change ) gion e e
T HenEC |

Flg. 1.18 Diagram of conduct of calculations in
planning.
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The conditions of feasibllity of a planned television syatem
consists of the possibility of seleatlon of those primary television
parameters, at which the television system created complelely
satisfles the requirements of the primary planning cpiteria (TT
requirements), Calculation to determine feasibllity of & television
system 1s presented by the diagram in Mg, 1,18, The calculation of
the system parameters is carried out from the characteristics of
existing components, for the purpose of achleving the asslgned
values of the planning criteria. All possible combinations of the
component characteristics are analyzed. If the results obtainea with
any combinations of the characteristics of exlating components give
a8 negative feasibility condltion, a second calculation, fixed by the
characteristics, must be carried out, of components which are absent,
but which can be created. In this case, 1f one does not succeed in
satlsfying the conditions for feasibility of the system, the values
of the technical task parameters must be reexamined.

General specifications for preliminary selection of the primary
television parameters are given below. The theoretical bases and
methods of calculating them are given in Chaps, 2 and 3.

The crliterion of quality of the image received is the most /44
complicated and varied of the primary planning criteria assigned,
In the process of planning a space television system, the engineer
must 80 select 1ts components and match them, that acceptable tele-
vision image quality is insured, with the assigned degignh and opera-
ting requirements for the equipment. For this, the planner must
Fave a method of calculation of the qualitative image characteris-
tles (optical, photographic and television), ineluding allowance for
the effect of the television system parameters: number of lines,
frame frequency, frequency band and other things. Unfortunately,
the problem of calculation of image quality has not been completely
solved up to now. The difficulty in solution of this problem is
explained by the fact that an estimate of the quality of television
images 1is one of the types of complicated solutions perceived by the
brain (higher branches of the visual analyzer) of the observer, on
the basils of unknown criteria. The difficulty 1s agegravated by the
fact that these criteria, strictly speaking, must consider the
emotional and semantic properties of the image.

However, they may be disregarded, if one iz limit~d to narrowly
professional tasks of planning television systems. 1In fact, in the
function of the engineer-planner, only the choice of the values of
parameters of the proposed equipment are included, which affect the
"technical" quality of the imege, and not the semantic or emotional
content of the transmitted image. An engineer planning a television
system 1s obliged to provide the required "technical," nonsemantic
image quality. 'The competence of introducing such & concept is
confirmed by experience in designing optical, photographiec and
television systems, In the technologies of television, photography
and optlcs, the terms "image quality" and " we quallty criteria"
have long been used, only in the nonsemantiec aspect of these concepts.
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The concept of "technieal quality" of an 1mage can he ax-
plained hy the following example., Let an obseryer compare images of
8 certalin natural scene, formed by two different aystems, system
No. 1 and system No. 2, One's life experience 18 evidence that,
repardleas of the emotlonal and semantic aspects of an imape, an
observer 1s capable of pilving one of three answers:

=~ The first system provides hipher luape aqualitys
== The second system provides hipher imape quality;
-=- The systems provide identical imape quality.

In particular, if system No. 1 is a motion picture and system
No. 2 1s a televislon broadcast, 1t is well-known from everyday
experience that all viewers evaluate image quality in the motion
plcture as better. Viewers draw this sonclusion, repardless of the
artistic and semantic virtues of motio. ~ictures. This fact /45
conflrms that, both in a motion picture and in television, a viewer
is capable of extracting a narrower group of qualitative indlcators
from the many aspects of quality, depending, not on the emotional
and artistic virtues of the images observed, but on various types
of distortions introduced by the motion picture or television equip-
ment. This narrow group of quality indicators composes technical
image quality.

Introductlon of the concept of technical quality of television
images 1n no way means refusing to take account of the properties of
the information receiver, the visual analyzer. The matter concerns
only rejection of consideration of the emotlional and semantic
aspects when a man perceives television images, However, with this
rejection, the role of the information recelver remsins large.
Therefore, one of the important questions for television technology
1s the question of establishment of accuracy criteria (the terms
"fidelity criteria" or "quality criteria" sometimes are used) of
reproduction of television images. On the one hand, such criteria
should reflect the properties of the receiver of television infor-
matlon, the visual analyzer and, on the other hand, have a mathe-
matical expression for calculation of systems being planned. The
most widespread accuracy criteria in communications theory is the
root mean deviation. Its signal m(t) is reproduced by distorted
signal y(t), the root mean deviation e2 = M[m(t) - y(t)]° where M is
the sign of the averaging operation (mathematical expectation).

There are two diametrically opposed opinions as to the appli-
cabllity of the root mean deviation €2 as a criterion of accuracy
of reproduction of television information. According to one opinion
[32], this criterion 1s unsuitable for television information,
Thls opinion makes it impossible to extend the achievements of
existing theory of optimum reception and transmission of information
to television technolosy. According to the other opinion [33], the
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root mean deyiation 1s suiltable for televislon information and,
consequently, the results of the theory of optlmum reception of
information can be used for englineering calculatlons of planned
space television systems [33, 341,

The purpose of the televislon syatem 18 to deteet and inter-
pret, with probabllity P , 8 televislon imape of an oblect M iIn
coverape of an aren L, l&ﬂ&nance By contrast k and transmission
distance R. It follows from this Meneral formulation of the purpose
of the system that the quantitles Pint’ L, BM’ k and R are the
planning criteria.

A televislon system can be intended for both det=ction of
obJects of simple shape, for example, polnts, and for detectlon of
, objJects of complex shapes. 1In the first case, the problem of de~-
| tection and measurement of the coordinates of a signal of previous-
’ ly known shape is solved. Thils problem concerns one of the /46
branches of the statistical theory of decisions [3].

The area coverage depends on the viewing angle of the system
and the distance to the object being observed H., In the simplest
case, disregarding curvature of the earth, L = 2H tan «a.

The viewlng angle of the system (Fig. 1.19) 1s determined by
the focal length Y roe of the lens and the frame size e in the light-
sensitive layer:

tan o = 2, /20, ., (1.14)

l.e., L = Hzf/Lfoc, where H is the altitude of the AES flight
trajectory.

\.

With a given slgnal-noise
ratlio, the probabllity of 1den-
tification (interpretation) of
observed objects 1is determined
by image definition.

Definition of a television
frame is determined from the
formula N = % 2DR,, where 2 1is
the number of 1iges per frame,
D 18 the resolving power along
a line and &, 18 the lilne
length on thé photo layer of

y

i f L the tube.

, { Fig. 1.19 Explanation of dccrease With s square raster and
| in resolution at the cdges of identical line and frame re=-
3 an image. solution, definition N = %2

| elements.
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The resolultlon of the objeet of ohservation D dependa
on many factora, ineluding the seanning rtandard apdopted, fllght
speed of the spacecraft and 1ts distance from the objlect of obger=-
vation, exposure time, characterlsatica of the ol -wct and of the
televisilon tubhe, the video amplifier and commun.cationa channel
frequency bands, as well as simllar data for the recelving equlp-
ment, Based on piven values of the linear dimensions of a detall
discriminated o, minimum number of lines (elements) Iin the detall
of the Ilmage Az, the linear dimenulons of the working surface of
the cuamern tube tarpet nf, foeal length of the lens &, ., and
dlstance from the lens to the object being atudied 1, the Sgbesaary
number of llines can be found by the formula

Aigh
v koo

Taking account of the curvature of the earth, the size of an
element belng resolved o, will change, depending on the distance of
the element from the cenger of the fileld of view (Fig. 1.19):

Ry

sin N
0p Hsedor oo )
h X . '."- tane« sin I" “ .
(Y] N I 4
As is evident from the formula, the resolutton decreases in

proportion to the square of the sec of half the viewing angle, i.e.,
it drops sharply at the edges of the image.

A peculilarity of a spacecraft 1s 1ts constant motion with
respect to the object observed (with the exceptlon, of course, /47
of the intraspacecraft space television aystem). This movement is
comglex, 8ince, besldes orbital motlon, a satellite has inherent os-
cillatory or potational motion. As a result of this motion, during
the exposure time of a television frame, movement of i1t takes place,
affecting image definition.

It i2 customary that movement of a frame during the exposure
time by an amount A ¢ 1 is consldered to be acceptable in practice.
The actual movement can be found in a simplified way from the
following formulas:

In linear motion A-hE{%.z

elements, where V is the AES flight speed, T,k 1s the target illua
mination time (exposure), L 18 the linear si%e of the observation
zone and z 1s the number of lines or scanning elements:
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elementa, where  1a the anpular veloelty and 24 18 the viewlnp
angle,

The connection of deflnlitlon or resolul-Ton

to lmape
interpretation 1a well=known in photopraphy,!

The monotonic relation between interpretabllity of televiaion
imapes and resolution of televislon systems 1s 1llustrated by
the praph represented in Pip, 1.20, 'The interpretation probabllity
is plotted on the ordinate and, on the absclssa, the resolutlon,

a quantity which 1s the reciprocal of the resolution thresh-
old of the two lines,.

Sensitivity of a space television system 1s determined by the
minimum illumination, at whlch the system glves an image of the
obJect wlth the assigned definition.

A pecullarity of space television systems 1s the necessity of
transmission of remote objects, having reduced contrast, in dis-
tinction from studio broadcast televislon transmissions, where the
contrasts of the objects transmltted reach values on the order of
0.6=1,0, Therefore, in the majority of cases, the sensitivity of /48
a space television system must be determined at low contrast,

Illumination in the plane

§ w of the photolayer, as a function
Eﬁ of 1llumination of the object
i (terraln) BM 1s expressed by the
ot 0} formula
@ fr29: 74,
e .
T T T T O T T
Resolving vower 8 BT !&Q .
Fig. 1.20 Probability of 4
interpretation of a televislon
picture vs. rescolving power of where 0 1s the lens speed or
the system and sipgnal-noise aperture ratlo, 8 is the coef-
ratlio q ficlient of reflection of the

objJect and TO 1s the trans-
parency of the medium and lens,

1mnis conclusion, based on aerial photography experience,
clearly concerns resol utlon, measured by means of a plobe
containing two lines, which is distributed in England [35].
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depend on the dilstance to the
object, BResaldes 1llumination of
the obJect and the characteria- _
tiecs of the optical element, ’
ficlent of atmosphere vs, take account of the varlabllity
wavelength in the presence of of the medium in calculations.
moisture Thus, for example, the trans-
mission coefficient of the

11llumination of the photolayer
atmosphere vs. wavelength in the !

Vo Ap 18 evildent from the
18 directly proportional to the
T
presence of molsture and for

formula, 11lumination in the
| o plane of the photolayer does not
'f}ﬂ T\
transparency of the medium.
Mg, 1.21 Transmission coef- Therefore, it 18 necessary to
u _a/‘p‘ different times of da '
Y y are shown
w \NV'\-\/ , in Pigs. 1.21 and 1.22, from
45\\ i \ which 1t is clear that the trans- 1

N /o vation time change strongly.
ghoo g m gt L T hes In planning television systems
for meteorological purposes, the

~ mission coefficlent of the atmos-
ml \\_ phere vs. wavelength and obser-
%

Fig. 1.22 Example of change 1n sensltivity of the system

transmission coefficlent of determines the length of operation

atmosphere for A = 0,55 um in in the course of a day. The

the course of & day amount of light energy reflected
by the cloud cover, earth and

expanses of water depend on the latitude and longltude of the éﬂg

location, the date and hour of the day, and condition of the atmos-
phere and the surface of the earth.

Isoluxes of 1llumination of the earth at 30,000 1lx, as a
function of time of year, day and terrestrial latltude, actually vs.
sun height, 1s presented in Fig. 1.23.

l'v_ e N . ..
,l ; The transmission distance
i 18 determined by the well=known

A
N ,(u( _ formula

N . ; - j"‘l"-—_i;-m:“_l_

TN B o asEE (1.15)

b .- =t where P o,. are the power and

] &0 7V VW vaad 13 s )
mmnths# { galin oftfhe Sﬁboard radio trans-

Fig. 1.23 TIsoluxes of mitter antenna, Ar is the
11lumination of the earth at effective area of the recelving
30,000 1x va. time of year, antenna, k 1s the Boltzmann
day and latitude constant, T° is the absolute
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radio recelver input temperature, W 1s the radlo recelver nonlse
factor, F 18 the video frequeney band, q 18 the required aipnal-
noise ratio in a large detall in the radio channel,.

r The dependence of the probahllity of interpretation of an

; imape Pi on definitlon N of a frame and the signal-nolse ratlo q,

‘ as well'ﬂa relations (1,14) and (1.15) permit changing from the

[ : plgnninm eriteria (P » Ly B, R} to criterla equivalent to them
(v q, P, 1la). Seléggion of the values of the criteria (27q, ")

depends on tge characterlsatics of the observed object M: area 14

i of 1ts optical lmage on the photolayer, speed of movement v, bagk-

- pround 1llumination B, and contrast k (or drop in illuminatgon aAR),

Therefore, the condition for feaslblllty of the system (I'ip. 1.18)

can be written in the form

S g B EE g F L req
MC(2, vo, Ry Bg).
(1.16)

The values of the planning criteria requlred by a technical
task are in the right portion of condition (1.16) and, on the left%
side, the values calculated from the characterlstics of system
components and obJect characteristics known a priori,

In planning a broadcast television system anhd in establishment
of GOST 7845-55, a condition of feasibility of the system similar to
(1.16) was satisfied. However, the specifics of planning a broad=-
cast televislon system appear in requirements for matching image
quality on screens of television sets with the human visual analyzer.
It, in partlcular, appears 1n the requirement of the absence of /50
flickering of the frames and creation of a visual 1llusion of contI-
nulty of motion. This matching of the televislon image with the
visual analyzer sharply restricts the range of objects reproducible
and efficlency of transmission of information.

Predominant in the specifles of planning a space television
system 1s matching the televislon parameters to the characteristics
of the obJect observed, for the purpose of satisfying condition
(1.16). 1In this case, flickering of the frames 1s not an unavold-
able requirement, since making photographs from the screen, with
subsequent interpretation of television photos, 1s permissible.
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1.5 Effeat of Linear and Nolae
Charmcterlation on Image Quallty

In televialon, 1t 18 cuatomary to conslder a television syatem
a8 a multicomponent, two=dimensional filter, converting an optiecal
imagpe BOCx, ¥y) in a flat light-senaltive layer into an imape
B(x, y) on a picture-tube s¢reen. The main components of this two-
dimengional fllter are the followlng (Fig. 1.24): An optlcal-
electrical converter (transmitting camera) converts the three-
dimensional function B,(x, y) into a function of time m(t)(video
signal), Video and ragio channels are examples of typical fillters,
operating with a time funetion and, finally, the picture tube serves
as a fllter [16], coverting the time function (video signal) into
& spatial one B(x, y)(image on the picture~tube screen).

We will consider each of

id the components listed and the
world lens  tube clahfiSL PEGEETS oyq overall television apparatus as
- .r'?T a linear, time-invariant filter.
r A0 %) 50) ”"')_ 2] This examination permits use of
the mathematical apparatus of
Fig. 1.24 . Linear model of the Fourler transform for anal-
television system ysis of television apparatus.

In conformance with the mathematical apparatus of the Fourier
transform, each component of the linear model of the system 1s
described by a transmission function K(w) = |K(w)|/e-1¢ m), usually
given by the amplitude-frequency |K(w)| and phrase=frequency ¢(w)
characterlistics or by a pulse transition characteristic h{t).

Both types of estimates are fully equivalent, since functions K(w)/51
and h(t) are unambiguously connected by the Fourier transform

= na YKumv“”dm
2

Altwd sl hine lmrr“'

(1.17)
where w equals two =f.
The filter should satisfy the Paley-Viner condition [3]:
X oy A (Hl
LT < oo, (1.18)
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Condition (1.,18) means that the amplitude~frequency character-
1atle K(f) of the filter cannot be equal to 0 in a segment of the
frequency axis and cannot decay exponentially. Numerical estimates
of the ampllitude=frequency characterlntiosn K(f) of a low frequency
fllter, satlsafying the Puley-Viner condition, are:

== Aprea-~equivalent width of characteriatioc
oy :\'!\' (il
L]

~~ Power equivalent width of characteristic

Fox :f!\'*(n df,
1]

-= The width FO characteristic by apparent level of decay from
1 to the value KO, equal, for example, to 0.7 or 0.5 or 0,12:
K(Fo) - KO-

The method of estimating
linear distortions, by meana of
Fourler analysis 1s the most
highly developed in practice,
with reference to one of the
television system components,
Fig. 1.25 Explanation of the vlideo amplifler, operating
concept of sterlc frequency with time functions [17].

However, the mathematlcal
apparatus of the Fourler transform holds true for the function,
regardless of whether it 18 the argument of the functions of time
t, space x or two spatial x, y coordinates, or all three coordinates
X, ¥, t. Precisely as for the time harmonlec u(t) = U, sin 2«ft,
there exlsts the concept of time frequency f = 1/T(period/sec), for

the sterlc harmonic B(x) = '“
there exists the concept of steric frequency v = 1/i(period/mm). 1

L
Ko
TNl Nl

In scanning devices ( camera tube and pleture tube),
converslon of the aterlc function into time apd vice versa is
accomplished. 1In scannlng at a constant rate v(mm/sec), the time

lone of the first works, in which a Fourier analysis was
applied to the steric functions (images), 18 the widely known work
of R, Hartley on information theory %18], created as early as 1928,
Together with the term "“steric frequency," R. Hartley used, by
analogy with optica, the term "wave number." In televiaion, another
measure of sterlc frequency frequently is used: 2v& lines 1n line
of length 4.

Wy

L(lsinZiovy) (Flg, 1.25), /52
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and sterle fraquencies are aonnected by the simple relationship
f = yy,

A Fourler transaform for two=-dimensions) filters, with a pulae
transition characteristic,l n(x, ¥y), the arpuments of which are two

??ag%?l coordinates (x, y), has a form simllar to that of expresalon

a
' | LYLI Ve, ot i)
B, g} v ryiry .Ul\ (g m)e Al thned v,
Y

\ ot \ “'lt'.l' &, #)
K (on, m,,)aiiu(.\. Pe” TR g dy (1.19)

With circular symmetry (as frequently will occur in optles), two-
dimensional Fourler transform (1.19) are reduced to g unldimensional
Begsel transform, by means of change to polar coordinates [197]:

hr) = -él;- JK () Lo (02, ) 0, d 0,

-]
Kw,) 2na fh Y Lo tw, ryrdr
]

where r 18 the radius=vector, Jo(wrf) is a O-order Bessel function.

Subsequently, we will use unidimensional (space or time)
Fourler transform (1.17), assuming that all the results obtalned
can be formally distributed, in the case of two {or more) arguments.,

By means of the multiline Foucault globe2 of maximum contrast,/53
which are contained in the standard test table TIT=0249 [14], .

lBecause of the still unestablished terminology in various
branches of technology (mainly in opties and photography, on the one
hand, and in televislon and radic engineering, on the other), both
the pulse transition characteristic itself and its numerical parame-
eters are known by various neames. In optlics, for example, the two-
dimenslonal pulse transition characteristic h(x, y) 18 called a
sacatter dlagram,

2Globes of black and white 1ines of equal width were used by
Foucault for testing the quality of optical lenses [20].
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maegsurements of the gpatlal amplitude~frequenay chapacterigtic nf
the camera are made K (v) m K](v)KE(u), where K. (v) 18 the |ens
eharacterintloc and Kg}b? 18 the tube chamicteriatio,

[ !
Y A 4 \\ Sk fgw
' I (,0 PR T P _.:u.l.. T : i
- L — . VR S zi \
‘Ea.-‘ hno P W S B E- .'m‘ \ \
a N b et i idi
R
c) Mg, 1,26 Amplitude=-frequency
TN o e ro1e] ¢haracterdistie of television
m ‘\\ . | transmitter tubes with lenses:
g1 N\ a) superorthicon buib dilameter
. - 76 mm (curve 1) and 113 mm
(curve 2); b) vidicon with bulb
! \\\ diameter 25 mm (curve 1) and
EV ‘\\\h ‘. 40 mm (curve 2); c¢) slow-scan
=t o T—— vidicon with bulb dia-
AT e Wi sl w9 meter 25 mm and Industar-50

lens.

An example of such characteristics K; 2(v} is given 1n Fig.
1.26, where, instead of sterlc frequency yjperiod/mm, the numbér of
lines 2vR, (&, 1s the length of a line on the photo layer) ls plotted.
on the abgcis a. Characteristicas K1 2(v) do not disclose limltations
as to steric frequency. y

A numerical estimate of the resoclutlon of a broadcast

television system, by width v, of the total amplitude-frequency
characteristic was presented fn work [21] and

Keivy) Ay where \ 0,12, (1.20)

The readout level A = 0.12 in equation (1.20) was selected from
the threshold contrast of the eye, which resolves the lines of the
globe on the acreen of the television set [21, papge 126]., Account-
ing for the effect of camera nolse on the screen of the television
set, within the framework of this method of calculation of reso- /5i
Tution, 1s reduced to an increase in the contrast threshold, i.e.,

ho




an inereage 1n the readout level 1n equatlons (1,70)
Kr (vAn) L An. Wllf‘T'f-' All B Al

The resulta of allowing for the effect of nolse in this manner
are 1lluntrated by the caleulated graphs in works [22=2011" ("¢, L.27),
They conslst of the concluslon that, with sipnalenoise patlos above
h, nolse practlenlly does neot reduce the reasolutlon v,y 0dloue
1ntad1frumlwquationl(J.?n).' A
: R N B !
P ot T We used the method of eale
; eulating the resoclullon
| by solution of equation (1,20),
! takling account of the effect of
D nolse within the framework of
! i this equation, 1n broadcast
I

resolution

television, but, in space Lele-

} t
|
I |
L)

B vislion, using the resources of
i et S video sipgnal contrasting re-
signal-noisc in large detail gquires another approach, which
M. 1.27 Resolution ve, sigal- 1s set forth in sectilon 2.5.
noise ratlo in large detall; 1) from data
of work [u}; 2) from data of work [233; In broadcastl television,
3) from data of work [22] the r-asolving power of visual

analyzer is the basis of
discretizatlion of the optlcal imape percelved by the television
system., The resolving power of the eyes over time permits dis-
cretization of the transmission of a natural scene into svparate
frames. The framerate chosen in television, 25 frames/sec, is
sufficient to create the optical illusion of smoothness of motion of
obJects and to eliminate flickering of the frames. The finlte
angular resolving power of the eyes permlts discretization of a
television frame into 2z 1lnes.2

Lan approximation of the amplitude-frequency characteristics
by the exponents was used in the calculations, which does not satls-
fy the Paley=Viner condition.

2Visual observation of a f'rame on the screen of the television
set, from a distance equal to five frame helpghts, corresponds to
a viewlng angle of about 11°, With the angular resolving power of
the eyes equal to one angular minute, the required number of lines
in broadcasting 1s obtailned, z = 11:60'/1' = 660 [1, pape 51].
Similar reasoning was used in textbook [2, page 141]. However, the
fipure presented should be multiplied by 2, by virtue of determina-
tions of the angular resclutlon from the distance between two
black lines separated by a white 1line [21, p. 49]. Moreover, the
angular resolution of the eyes is measured, not by the multiline
Pfoucault plobe, but by Landolt rinpgs, which are close to the two-
line Foucault globe!his change also can lead to doubling 2z {sec=
tion 2.5). As a result, the calculated flgure %pgq = 660 BRBuzd be
quadrupled.
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Discretization of the lines into 2 elements takes place, /55
elither 1n the visual analyzer or by use of a pulse readout in the
GAmarn tube, A8 a reaulB, a televislon frame can he repreé-
sented as conaisting of N = z° paster elements, whlch are squares
with sides equal to the line width, in the first approximatlocn.
Discrete images, like a mosalc, made up of squares, are wldely used
as teat patterns in television. A test pattern in the form of a
checkerboard or the main detalls of the generally known TIT=-0249
can serve as examples.[14]. Such a discrete television lmage can be
represented analytically, in the form of a pulse unit vector exe
pansion or geometrically, in form of a N-dlmensional vector. It 1is
well-known that any dlscrete message can be represented by a unit
vector expansion

N
) —):m,,tp,,(t). k-1, 2., N, (1.21)
el

where

m s M) @y (D,

The set of ¢, (t) unit vectors, called a system of base func-
tions, satisfies tﬁe conditions of orthogonality and standardization:

r‘ ‘. j.k
Al { !t e f} . ' [}
lTJ()q’k()f M.—[ﬂ; ’4,]‘!‘

where sjk is the Kroneker symbol.

Spectral unit vectors (i.e., the sines or cosines in Fourler
series or a Fourier integral) anc pulse unit vectors are most wide-
1y used. Among the pulse unit vectors, unit vectors in the form
of nonoverlapplng, rectangular pulses of duration At are the most
graphic (Fig. 1.2éa)[3. page 209]

i
o) gkAD - VAL
0 at remaining ¢/,

(o~ DAL (= RAL,
(1.22)

where

. R
km],)....N.N N

It is easy to verify that the set of N square pulses (formula
1.22) satisfies the conditions of orthogonality and standardization
(pulse energy equals unity). A aseries expansion of a discrete
message by square pulse unlt vectors.

Jv
M) -\_" et kAL, (1.23)

ki
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where " | omtnper R\

11 ' feenl

i
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Fig, 1.28 System of square pulse¢ unit vectors 56

g n—

What has been said for a discrete time function m(t) holds true
for the spatial function m(x, y). Spatial unit vectors g(kax, Jay)
in this generalization, will be squares of area AxAdy (in whieh Ax
= Ay), which are shifted relative to one another by an amount Ax
and Ay. TFig. 1.28 1llustrates spatial unit vectors for a system
contalning 25 square spatial vectors (squares). A discrete, two=-
tone image, consisting of 25 square elements, 1s presented in
Fig. 1.29.

Coefficlents m, express
the tone brightness (gradations)
of the squares., In communica-
tions theory, not only 1is the
analytical representation of a
dlscrete message m(t) uged, in
the form of a sum of N terme
l— e (formula [1.21]), but a geo-
Fig. 1.29 Discrete, two-tone metriec representation of 1t, in
image of 25 square elements the form of an N=-dimensional
vector, the coordinates of which
are the coefficlents m, of sum (1.21) m = (ml, Moy o o mN).

Geometrically, we represent & dilscrete television frame, of
N elements in the (x, y) plane, i.e., by a two-dimensional space,
by a vector (or peint) in N-dimenslonal space. In thls case, a
complex object (for example, a television frame 1n two-dimenslonal
space is replaced by & simple object (vector or point) in ;;1¢1.
dimensional space [6, page 438].

Let us examine the properties and manifestation of noise 1n a
linear television system.

The decisive effect of nolse on evaluation of the quality of
diverse systems was clearly formulated in information theory [U4=7].
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Sources of televiaslon asystem nolse are shown in Fipg. 1,30,
The principal source of nolse In tranamitter cameras 1a the eleq~
tron flux of the tube or the firat tube of the video
amplifier. Noise of this orilpin usually 1s cealled shot nolae, /b7
Shot nolse 1s a mleroscople manlfesatation of the discerete nature of
the electron flux. This means that each "little sound" obaerved,
for example, In an oscilllomraph of the nolse process, 1n g result of
the actlon of, not a sinple electron, but of a qulte larpe number of
electrons,

A mathematlcal model of nolse 18 a steady~state random process
n(t), satisfying the conditlion of repularity [26]. "The paranount
statistical characteristicsaof steady-state random process n(t) are
the first order moment, the mean value of n(t), and the second order
moment, correlatlion function ¢ (7).

A requirement for a steady-state means that the video signal
autocorrelation function ¢ _ (<) and, consequently, 1ts spectral power
density S (uw) are invarian¥ over time. As 1s well-known, the auto-
correlatiln function is deflned by the expression

sCone photon cﬁkzzti‘itv?ilc:
bhannegl ONVErtor

L;ideo | litpt ﬂr Hyml it
1ifiEY Yu (1) 0o én() {t--1)dt,

’ v The spectral power denslty
aiﬁo}mJ - 118 a simple Fourler transform
of the autocorrelation procers,
‘1.e.,

hcto ctyre [Tadio . % tut
redﬂl"b‘;}:anngr_ ptube *—m_i Siw) -2 .H’"‘ e dv, -
. A . _
Yo ",‘;'|':'l “\"m () o' .
"t 1yntmophore "
Eoiserl ay ainiass ﬁo?ﬁgil

Fig., 1.30 Structural dlagram of The spectral density S (f)/ 58
television system with noise 1s understood from the expr@ssion
sources for video slignal power
- - v
Y = Y (0) = | Suinds.. lim - iy,

. ..“1

In thls formula, the quantitg p, (0) 18 expressed in watts and
3 (f) in watt=-seconds. TFunction mu(tT is the mean square of the
v@ltage, in volts per resistance of one ohm. Since the autocorre-
lation function ¢ _(t) carrles information on the statistical con-
nections in the vldeo sipnal, the spectral density S_(w) contains
similar information. In the absence of statistical Ponnections in
the video sipnal, the autocorrelation function equals the & funce
tion, i.e., wm(r) = 8(7), and the spectral density 1s independent
of frequency, 1.e., 8 (fs = const, The presence of statistical
connections in the vileo slpnal causes expansion of the autocorre-

lation function or a drop in the spectral density in the high
frequency region.
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R o = e

. In dlstlnetion from puylsea, having a finite duration and, as
A consequence, a finlte enerpgy, random, ateady-state process n(t)
does not tend towarda zero as 2+w, Therefore, the nolse energy
equals infinity:

S na(t)dt- - o,

~r

liowever, the nolse power n(t)is a finite quantity, for which a method
of measurement 18 known, Thils permits the concept of spectral
density of the power Sn(f) to he Introduced, the integration of which
gives the value of the noise power [26, 27]

Pn APy (U) v "-S.Sn (n d"

Measurement of the nolse power and spectral density 1s wide-
spread 1in telegiaion practice. Usually, the ratioc of the peak video
signal power U (the square of the voltage spread between the
black and whit& PBfitrol levels at a resistance of one ohm) to noise
power 1s measured [14]:

i Vmaxlow
\SutnIK (prd s
where |K(£)|2 1s the square of the amplitude-frequency
characteristic of the part of the system through which noise Sm(f)

passes.

Similarly, the peak signal-nolse ratioc q determines the signal-
nolse ratio 1ln the problem of detecting a video signsl on a back=-
ground of nolse [28].

To detect a video signal, 1.e., to obtaln a response to the
question as to whether there ls a video signal or not, with an esti-
mate of the television system quality which is too low, 1s complete-
ly unsultable for televislion., Therefore, parameter q usually 1s /59
used 1n broadcast televlslon technology for another task, evaluation
of the visibility of noise on a picture-tube screen, Since the
quantity U, pmax|K(0)| is established as equal to the dynamic (volt-
age) range of the pleture tube, the quantity which is the reciprocal

; of the peak slignal-noise ratio determines which portion of the

! dynamic range the root mean nolse value occuples. Experiment has
shown that there 1s such & limlt to the peak signal-noise ratlo

Q value, exceeding which g»>Q , the noise becomes practically
u%ﬁgtioeablecn1the television sé%mscreen and, at values q = q m?
the noise 1s scarcely noticeable, The value of q fluctuat%& from
31 to 49 db (1.e., approximately from 30 to 300 tiﬁ@s)[lﬂ].

However, the harmful effect of nolse appears, not only and not
: so much in 1ts vieibility, irritating the observer, as in masking

E by it of a useful signal. Nolse is a false slgnal, masking the

: useful video signal and, thereby, prevents obtaining videoinforma-
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tion from the ebjects beilng studled in the procesa of ohservation
of television imapes by man, The maskinpg effect of noiae on small
detaills of an image will he conaldered in seatlon 2.5, It should be
noted here that the amount of useful videoinformation extracted by
an obsepver from & televislon lmare depends on both the means of
nolse control used in the televislon system and on the depree of
perfection of the noise control mechanilsm established in the visual
analyzer. .,
1

An experiment was carrled
out to evaluate the abllity of
the visual analyzer to filter
out a segment of a three-dimen-
S . Y, sional sinusoid on a nolse
£ f background [28]. It conslsted

Fig, 1.31 Amplitude-frequency of measurement of the value of

2 the signal-nolse ratio q = d¢,.»
ggiizggeristic of narrow-band corresponding to the visual th

detectlion threshold, as a func-
tion of the sinusoldal signal frequency, at a glven value of the
resonance frequency f._ of the fillter, through which white nolse
passed. The measurembnt was carried out in the following manner,
White noise was passed through one of the pass-band fllters with
resonance frequency f. (Fig. 1.31), 1t was mixed with a ginusoldal
signal frequency f ahd supplied to the input of the video ampli-
fier of a televisiSn set with a 47LK1B picture tube. In this case,
an image in the form of a band appeared on the television set screen
(Fig. 1.32). The ratlo of the effectlive value of the sinuseold to
the root mean value of the narrow=-band nolse g was measured at the
pilcture-tube input. By increasing the effective value of the sin-
usoldal signal, the observer established the signal detection
threshold on the background of narrow-band nolse. at which he could
count the Mumber of bands on the picture-tube screen, The relation
found 1s presented in Fig. 1.33. It follows from analysls of curves
1, 2 and 3 that the the visual analyzer, in the reglon of low steric
frequencies, distinguishes the sinusoldal signal on the narrow=- /60
band noise background better, the greater the spread between
frequencies t_ and £, (the threshold signal-noise ratlo Qg forms a
maximum when € coinBides with f£_). In this frequency reg?on, the
visual analyZeﬁ is similar to a Filter, automatically adjusting on
the sinusoidal signal frequency. In the region of high steric
frequencies, attenuation is observed in the abillty of the wvilsual
analyzer to filter out the sinusoidal signal from the noise. The
maximum of cupve 3 in Fig. 1.33 becomes flat, and curves 4 and 5
increase monotonically with inerease in frequency f,. Thls can be
explained by the fact that, with increase in frequeﬁcy fc’ the
visual analyzer gradually loses the ability to adjust on the signal
frequency, since its amplitude-frequency characteristic expands. /61
Beginning with a certain sterlc frequency of the sinusoidal signal,
the amplitude-frequency characterigtic of the visual analyzer does
not readjust. It should be noted that the bending curves represented
in Fig. 1.33 by a dashed line corresponds to a monotonic increase
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in the threshold of visual detection of a sinusoldal slgnal on a
background of wide-band Gaussian nolse (white noise,

passaing through & broadcast television system and pleture-tuhe
channel), with lncrease in sinuscld frequency f_ (see curve 1 in
Mg, 1.35). For comparison, curve 2 is given 1H Fig. 1,34, showing
the weak dependence of the sinusoldal sipgnal detection threshold on
frequency, on background of wide=-band Gausslan noise, during visual

observations, not of & plecture-tube screen, but of an oscillograph
screen,

Flg. 1.32 Image of steric sinusold on video

monitor screen: a) without nolse; b) on a
background of narrow-band nolse

W
@ O8f- e im b b e b v For an estimate of the
B% /s abllity of the visual analyzer
280 a6} poem TN IR S R to suppress various sections of
DD vl the white noise spectrum in the
gaﬁu¢ g : : process of resolving filne
o ?,¢ # detalls, measurements were made
Y N S P % - in an experimental unit, a
ﬁﬁ; .?:><““ gtructural diagram of which is
e R R RN A S M presented in Fig. 1.35. The
frequency, MHz gignal sensor generated a two-
Fig. 1.33 Curves of detection pulsesignal, which was mixed

threshold of silnuscld at frequency with narrow-band noise. Thls

narrow=band nolse was formed
f8 on background of narrow=-band by means of extraction of a
ndlse, passing through fillter with .
spectral section of white noise,
resonance frequencles f_ of 1) 0.2
MHz, 2) 0.5 MHz, 3) 2 MHz, 4) 4 MHz by means of one of the fillters
5) ¢ MHz ) ’ ’ in a filter unit. The ampli-
tude=frequency characteristics
of the fllters, with resonance at frequency f._, is represented in
Fig. 1.31. The mixture of the two-pulse si n#land narrow-band
nolse with frequency f_was supplied to an oscillograph and a video
monitor (VM), mounted Bn the base of a television set with a 47LK1B
plcture tube. Photographs obtained from the VM screen are intro-
duced in Fig. 1.36., The experimnent consisted of having an observer
examinlng television imapges of two lines on a background of narrow=-
band nolse from a fixed distance (600 or 1250 mm), and the distance
between pulses was increased, by regulating their movement untilthe
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Fig. 1.34 Threshold signal-noise

ratio in detection of sinuscid in

Gaussian nolise: 1) on television

set screen; 2) on oscillograph

screen
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petzs]

Flg. 1,35 Structural diagram of
measuring unit for study of reso-
lution of two lines on noise
background

moment of appearance of reso-
lution of the two lines, As a
result of the obgervation, a
curve of the resolutlion intepr-
val r (n sec) of the two pulses
V3. resonance frequency of the
pass=hand filter forming the
narrow=band noise was obtalned
(" 1.37). The following can
be concluded from the filpure:

~=~ All spectral sections /62
of the noise interfere with
resolution of the two lines;

== A narrow=band noise
with higher frequency ¢ s L.e.,
the high-frequency sectlon of
the nolse spectrum, masks the
lines more strongly.

The latter conclusion is
based on the fact that noise
pattern acquires a finer
structure, approaching the
dimensions of :
the lines, This factor, in
combination with the drop in
the amplitude-frequency char-
acteristic of the visual anal-
yzer and the picture tube in
the high frequency region (the
power of the high=-frequency
sections of the noise spectrum
chokes more strongly) leads to
the appearance of a weak
maximum in the *Fig. 1.37
curves, With increase of
distance from the screen from
600 to 1250 mm, the amplitude-

frequency characteristic of the subsystem plcture tube plus visual
analyzer drops more sharply in the high=-frequency region, which
causes displacement of the maximum to the lower-frequency region
and deterloration of resolution,
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Fig. 1.36 Two lines on a background of narrow-
band noise (photograph from videomoniltor screen:
a) £, = 4 MHz, b) f, = 6 MHz
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rad
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resclution, psec

2 i . 4 L] ] d td
frequency, MHz

Fig. 1.37 Resolution interval of two

lines 1t vs. mean frequency f_of

narrow-band noise, at examinftion

distances of 1250 mm (1) and 600 mm (2)
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2, FUNDAMENTALS OF TELEVISION THECRY

2,1 Qeneral Information

Television theory 1s based on theory of optimum reception and
information theory. Inclusion of the theory of optimum reception is
caused by the fect that a television system contains, not only a
radio receiver, in the usual sense of of this term (in
broadcast television, this is the television set), but a specific
receiver of electromagnetic waves of the l1ight range, the tele-
vision camera, on optimum design of which the light sensitivity of
the system and quality of the television image depend.

The measure of information 1s used in television for evalug-
tion of the technical image quality. The connection of quallty of
tpansmission of an image with the degree of information was noted
in the work of Hartley in 1928 [181.

Tt 1s well-known that, in the work of Kotel'nlkov in 1947[4],
a theory of noise proof (optimum) reception was set forth, without
drawing on the measure of information. Information theory was set
forth in the work of Shannon in 1948 [6], from the point of view
of noise proof coding. Eliminatlon of the disconnections in the
accounts of the two theorles mentioned became the purpose of work
(3, pp. 5-97. The requirements of planning space televislon
systems also need elimination of these disconnections,.

Let us examine the basic concepts of information theory and
theory of optimum receptlon. The basic aspects of information
theory and optimum reception theory were formulated, with reference
to discrete messages and, flrst and foremost, to a language text.

In comparison with energy, the concept of information i1s
incomparably more complicated, since 1t includes semantic and
emotional aspects. Information i such a complex concept that the
apparatus of modern mathematics obviously is inadequate for crea-
tion of a quantitative measure of information. Another, narrower,
specialized concept of information arose in communicatlons theory,
to which the term "nonsemantic information" can be applied. /65
Extraction from the broader, but mathematically unformalized con=
cept of information of a narrower, but formalized concept of non-
semantic information was a revolutionary event in the creation of

information theory.

Information theory was first worked out by Nyquist in 1924 [6]
and Hartley in 1928 [181, These works responded to the requirements
for improvement of communication transmission systems, first and
foremost, oystems of tpanamitting a text by telegraph.,
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Leaning on the atructure of the text and 1ts transmission 1in
Morse eode, the authors [36, 18] eapentinlly used a model of d1s-
erete communlcations, which was represented in the form of a
sequence of N symbols (lettera, numbhers, elements)

ke ‘wlgl'”' ”'”ll'"' ’"”\)u i “' l.nn .-” - ], (?.1)

kach of the symbols miklunsa set 3 of possible valuea, an
alphahbet:

e € (@, 4y, 0., ay).

It had been noted ag early as work [36] that the number of
possible sequences M = SN, An important feature of this WOrk was
the assertion that two codes (sequences) should be considered
equlvalent in difficulty of thelr transmission through a channel,
if the number of possible sequences is ldentical, 1.e., the follow=
ing condition 1is satisfiled [36, p. 343]

g¥ const O Nloge S = const, (2.2)

However, 1t was not stated in this work that expression (2.,2) can
dérve as a measure of information. The concept of information rate
was Introduced, and it was proved that, for a system transmitting

a given number of symbols per unit of time, the rate [36, p. 343)

v ®= ¢ logpS where ¢ 1s a constant,

The concept of nonsemantic information and quantitative measure-
ment of 1t was most clearly set forth in work [18]. For an evalu-
atlon of a transmission system, "psychological," i.e., semantic and
emotional, factors had to be excluded from the concept of informa-
tlon, This approach meant substitution of a real, discrete message
(text), which 1s semantic by its nature, by an abstract, nonsemantic
model, 1n form of that sequence (2.1), in which each symbol m is
the result of a random selectlon from the alphabet. The numbég of
such nonsemantic messages was determined by the quantity (2.2). A
quantitative measure of information is proportional to the number
N of primary choices of symbols from the alphabet:

HoologSY O Niops, (2.3)

Formula (2.3) shows that the measure of information is the
logarithm of the number of possible sequences of symbols. It is
clear from it that, for messages with an identical alphabet (l.e.,
logS = const), the measure of information H is proportional to /66
the number of symbols in the message, i.e., to the number of letters
in the text.

1An evaluation of a book bx number of typographlcal symbols
(one author index contains 4104 typographical symbols) can serve
as an illustration of the use of the measure of nonsemantic infor-
mation for evaluation of difficulty of storage of lanpuapge texts.
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' Subsequently, the base two logarithm was selected aa the

1 measure of information. Wilth this preclse definition, a unit of
nonsemantic information 18 one binary unit (bit), obtalned from the
selection of one of two equally proboble aymbols:

H  ¥log S, binary units (2.4)

Subsequent development of the measure of information involven
deepening the atatlatlical model of communicatlona and drawlng on
the mathematical appar .tus of probability theory [4=-T7].

In the basle work of Kotel'nikov in 1947 on the theory of
noise free (optimum) reception [4], a mathematical model of a dis-
crete message M was used, in the form of a set (ensemble)M of
seque?ces (2,1) of N random values my, (1.e., N~dimenaional random
value).

Analytical representation of thils model 1s the sum

N
,”f “l} 1: "’I”f‘pk(!)l 'l 0! ll 2.---. 1'1" B 1. (2 . 5)
B
where meo g () (1)t

A

are random, unidimenslonal quantitles and ¢k(t) are unit vectors.

In this work, the geometric representation of a model of a
discrete communication was ilntroduced, as a random vector in N-
dimensional space with unit vectors.

fqu(1}: n;, (i, Mg o mn ) 02 OO JA L

Deepening the representation of the possiblility of substltution
of real messages by statistical models, of course, should have led
to establishment of a connection of measure of information with
the characteriastics of random values. Such a connection was
established in the works of Shannon [6] and Viner [7] in 1948, It
was shown in work [6] that measure of information (2.4) 1s the
maximum value of the entropy of the probability distribution of
unidimensional random values, calculated in the partial case of
equally probable symbols m,, from the alphabet (a1, a2, . . +, &g)
and the 1independence of neiéhboring symbols, For the probaktllity
distribution P(ad) of symbols a4, known a prlori, the entropy in /67
the symbol N

binary unit
Hoon:) }.:l !'(ﬂ;) Ililn'.-.' I (U[l""‘“é'y;bol
' ]

1‘I‘he provisional nature of the concept of nonsemantic informa-
tion can be 1llustrated by the fact that the answer to the question
of the tormented Hamlet, "To be or not to be," could be gliven by
him with a total of only one pinapy unit of information.
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The a priorl entropy reaches the maximum with equal prohablle
itles:

WX i) oy S at Py LS

kngemble (2.45) 1s compored of N Independent, random, equally
probable values, containing M equally probable sequences. The
entropy of this ensemble

£y
H{m)u= : Hylmg) NEL L
L

The maximum value of the entropy of the ensemble coincides with
formula (2.4):

s - Nuax Hy(hg) - Nlote S fogs M. (2. 6 )

This colncidence confirms that the entropy can serve as a
quantitative measure of the possibility of selection or indeter-
minacy, 1.e., serve as a measure of the amount of information, which
is more general than the measure of information (formula 2.4).

A decrease in entropy from the maximum value was caused by unequal
probability of selection of symbols from the alphabet and, chiefly,
by the presence of statistical connections between the symbols in
the message. This decrease 1s evaluated by means of the statistical
excess B =

Fodtemfias Hgmy, Hem) (t ) max Hom),

While, according to Nyﬂuist and Hartley, the number of texts
of N letters M = 8N = 2MaX H  s0cording te Shannon, by means of
codling, taking account of ?he statlstlical connections, this number
can be shortened to M, = 2 B~1)maxH M, sM.

It 18 clear from daily experience that the number Mc of
"intelligent" texts is incomparably smaller than M (i.e.,
Mc « M). It is evident that the prospects of compressing the
text (as wlth other discrete messages) depends on the ratio of the
values M, and Mc. Shannon considered that, by means of expanding
the statgstical connections between letters in an artificisl
language, a whole series of sequential approximatlons to a natural
language can be achieved [6, p. 2531, However, in no way did he
confirm the final results of these approximations (i.e., the
%gssibilit%es of an artificial language and a natural one coinciding

s P 2551,

In the well=-knownyopk [51of Kolmogorov (1956), concerning an
estimate of the number of intelligent texts (M, < ) pne notes:
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"The full use of this fundamental pospibllity of 'text compression,'
of course, liesa beyond the limits of what can be accomplished, by
meane of any ayatem of stenomraphy or coding of texts, following

quite slmple formrl rules: The pattern of the strueture of a real
languame text will scarcely be completely formalized at any time"

[5y pe 721, '"nis means, from the small slue of quantity M,, no
conelusion can be drawn as to the smallnesns of the quantity M_,

which could nerve an an estimate of the prospects of ﬂtatiﬁtiﬁal
methods of text compreasslon, Just like other types of communiaationgﬁﬂ

The following precise dofinitlon of the concept of Ilnforma-
tlon was connected with taking account of nolse nnd definltion of
a sipnal. A sipnal 1s defined as a physical carrier of information
on a message, lor example, electromagnetic radiatlion or an elec=-
trlc current can serve as such a carrier. In the microscoplc aspect,
these carriers of information are quantum (photon ) or electron
fluxes. IMluctuations in the number of photons or electrons are
manifested microscoplcally, in the form of photon noise or current
shot noise. Therefore, any signal is a mixture of communicatlono
and noise., Since nolse, in distinction from communications, is
devold of intellipgent aspects, 1t 1s quite completely reflected by
a mathematical model, in the form of & random function.

Information on a message 1s wlthdrawn by a receiver from slgnal
r which 18 the sum of the message m and nolse n. Consequently, a
quantitative measure of informatlon should answer the question,
how much information I(r, m) is contained in sipgnal »r = m + n,
relative to message m. It was shown in work [6] that the amount of
information for a discrete message m equals the decrease in entropy:

Fan onymy  Hony - 1o, (2.7)

where Hr(m) is the provisional entropy, called unrellablility.

Formula (2.7) shows that, only in the ldealized case of complete
suppression of nolse [l.e., H_ (m) = 0] and exact reception of a
measage, does the amount of iﬁformation equal the entropy:

I(m, m) = H(m).

In the general case, the amount of information equals the
decrease in entropy from an a priorl value H(m), not to zero, but
to an a posteriorl value H_(m). The quantity H_(m) expresses the
residual indeterminacy, dud to the presence of Roise.

In this manner, the concept of nonsemantic information leads
to quantitative measurement of 1t, for discrete messages, express=-

-

1This question was examined in article [37], with reference to
television communicatlons.
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ible by the differenece in a priorl and a posteploprl values of the
entropy, Thie result contains an element of surprige, This is that
1t was completely unelear, whether or not mespapes differipnpg in
meaning, for whieh a certain numeriloal mensure wag identlcal, ean
actually be conaldered to be equivalent in Alffloulty of trans=-
mission through communieation channels and atorape in memory devices.
[6, p. 157. It turned out that suech o measure exiats and permits
aolution of a broad olass of practicenl problema,

The qatnblished Poramda foy ealenlablon of the amount
of information disclosen stlll other operations, which aust be
earrled out on the sipnal, for the purpose of reproduction of a use=-
ful message. These operations are formulated In optimum receptlon /69
theory [3, 4], which uses the same statistical models of communlea-
tion of noilse and signal ae in information theory, The ldea of
optimum recepition 1s most simply set forth, by means of a peometric
representation of a messape and nolse.

Let us briefly examine the basle aspects of the theory of
optimum receptlon of discrete messapes [3, 4].

A signal enters the receiver input, which is the sum of a dis=- :
crete messapge and noise:! {

Y |-, (), (2.8)
N & j
where (0 <= N g (1) =0 1, 200, M- nat) L“mt‘l'.(”.
ru [ |
in which Mhip = s"’!f (t} lpk(t) ot Haj - \'Hw (” l]”' () lt,

Al

For simplicity, we consider the noise to be white, having a Gausslan
distribution, with zero mean value and dispersion S_/24 [3, p. 215].
Since nolse is a geometric, random vector of Infinite dimenslons

Ne, the input signal r(t) will be a random vector of infinite number
of dimensions:

;._ Hl -} lim, ( 2. 9) ‘l

- .
where My (M By M) B Qo Bagol)

This is the formulatlion of the problem in optimum receptlion
theory. Message ensemble (N-dimensional vectors) {m,} i8 known a
priorl at the transpgitting and recelving ends. Becaase of noise,
the sipnal (vector r«) does not exactly coincide with a Bingle one {
of the messages of the ensemble {my}. Making a cholce_ from,the
message ensemble, the transmitter transmitted message m,: ¥, enters
the receiver input. Using the results of measurement o% vector
r and the a priorl information, the recelver should select vector
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m, from ensemble {(mh }, whieh waa transmitted (1l,e., reprodnce
tﬁe measage transmi%tad).

We 118t the information, which 1s consildered to he known a
priorl in recelving:

1, N=dimensional space of discrete messare, l.e.,
the get of N unlt veetors {¢k(t)}5

2, The entire ensemble M of expected messages,
i,e., vectors {my} themselves and the distri-
bution pattern of the a priori message
probabilities P{mj}.

For simplicity in the presentation, we will consider that all/70
messages of the ensemble are equally probable:

o) \; P01 2 Al 1, (2.10)

Then, by formula (2.6), the entropy of the ensemble H(m) =
log2M, binary units.

Recelving a_message consists of selection of one vector of the
known ¢nsemble {m,}, on the basis of processing of random input
vector r_, 1n the presence of the a priori information listed.

According to Kotel'nikov [4, p. 33], the criterlon of correct~
ness of choice 1s the maximum a posteriori probability, which, by
condition (2.10), is simplified to the minimum distance between
vectors. The process of choosing & vector from ensemble {my} 1s a
process of adopting a solution as to whieh message was transmitted.

The ideal (optimum) receiver of Kotel'nikov carries out the
following operations:

1. ﬁe measures the projection ry of random vector
r . in N-dimensional space of Ehe message, 1.e.,
he projects the vector on the unit vectors

i - ymNHmﬂm%wm;m“nmk.LLmN. (2.11)

—

A set of N projections r, defines vector v s which 1
is a geometrie realizatign of a signal at %he
receiver -utput:

?i = ﬁi * A, where Fi = (ril’ ri2; e ey riN)’
f = (A, Dy o 0 oy ny),
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Tt 18 evident that veetor », earnries all the
informatlon of the transmitfed messarse m,, hut
wlth dlgtortlons due to nolse; intor mation of
vector r "legaenasration" qf the nolse vector
takes pl&ge, sinee vector n_ of Ainfinite number
of dimenslons 18 proJected fn N~dimensione)
apace, whlceh pives N=dlmensional vector n as
the reallzatlon of the nolae;

2. llo ecaleulates the dlatance in space of the
communlcation between each of the vectors and
the plotted vector

P L. ‘\"
dio rp mf' Ny, N
-—t

Distance d, serves as materlal for making a
declsion: "That vector m,, which 1s character-
1zed by the mirimum distince, is selected as
the reproduced message. The rule of this solu-
tlon is written in simple form

minjr; - :;!.-i". (2.12)
()

In accordance with the two operations speclfled, the recelver/T71
can be represented as consisting of two devices: A storage device
and a deciglon-making one (Fig., 2.1). The operation of projection
of vector r in the message space can be reallzed, by means of g
set of N £if Eers matching the unlt vectors of the message, 1if
{3, p. 2171:

¢, (t) = 0 at t <0 and t>T.

m it Using the a priori infor=-
e matﬁon on a set of unit vectors

[ Aft) Jo~—==d ¥ | solution b, (t)}, the pulse character-
AR B et Eics h, (t) of the filters can

7

be selecked as delayed and

mirror-reflected coples of the
oMOrvV unit unit vector:
i n(8) = 0, (1-6), where o is a

nstant he response at the
Fig. 2.1 Dlagram of optimum matched filter output
recelver of discrete messages

T ! o (O~ t. '\'r.,. (et Hnvde,

»

1Another possibility of realization is used in a correlation
receiver, which contains N multipliers and integrals {3, p. 216].
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At moment &t = T, the value of the respongse

Fod) Ve GO £ Bl | g

Tn this way, at the output of N matchod filters, we obtaln
N projectlons of veector r, (of the output sipgnal),

A matched fillter, as 1s well=known, serves as an ldeal pulse
enerpy storage device, The operation beinp consldered 1s no other
than realization of the so-called bulld-up method. Therefore, we
call the device the storapme devlce of the optimum receiver. The
storage device fulfills the major function of noilse control. By
means of signal storage, the useful information contained in the /72
input signal mixed with noilse 1s extracted to such an extent, that
it beomes possible to select the message from ensemble {mi}.

The simple role of the method or principal of storage, in
creation of highly sensitive electronlc television systems 1s well-
known (see editor's note on page 770 [2]). 1In television, this
principal usually is set forth in the historical aspect of appear-
ance of inventions putting it into practice in an electronic
instrument. In work [4], a mathematical description of the opera-
tion being discussed was given, without emphaslzing the role of the
storage principle. It is evident now that the 1deal receiver of
Kotel'nikov inciudes this principle {(tvue, as long as applled to
receiving discrete messgges), in 1ts geometrical interpretation as

g projJection of vector r, in 'a message.space of a finlte number of
dimensions.

Synthesis of a recelver storage device of N filters, matched
with the unit yectors, provided coincidence of the spgce of the
output signal r, with the space of the 1input message m,. This
permits changiné to the following optimum reception opération, which
takes place in the decision device of the recelver (Fig. 2.1):

~= Tt calculates the distance d

between vectgr ?i of the out-
put slgnal and each of the a priori &n

own vectors mi :

N

v g g ne .

O T .\_:i"m"“""rkln- £-0, 1, 2,.., M--1;
ko

==~ A cholce is made of one of the a priorl known vectors m s
in accordance with formula (2.12), i.e., by the minlimum distancé.

The a priori information should be set Into the
recelver structure. For this, the receiver should have an opera=
tional memory unit, with a specific capgeity (Fig. 2.1). Calcu-
jation of the distances between vector r, and each of the vectors
m, involves the recelver resorting to Ehé memory. HFrom the calcu-
l1ated distance, the minimum value of di should be found, whlch
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determines the cholce of vector m,, l.e., 2 deecision 18 made,

The tlme expended 1n the calculation det2rminens the declalontime,
whilch will depend on the memory capaclity ani rate of examination

of the stored a prlorl information: Thaq ~ €V ., whare C.m 1s

the recelver memory capaclty and V_, ., ginary ﬁﬂiﬁ?sea 18 th&Mpate
of examination of the information QR the memory unit.

We draw attentlon to tge fact that the enaenble of pure med-
aames unmixed wlth nolse {m,)} is stored in the operational memory

of the recelver, by selectlofi of one of which, receiving (reproduc-
tion) of the message is completed. The reproduced message will be

the same one unmixed with nolse as the message transmitted n,.
Because of the presence of nolge, the declsion devige can mgke An /73
error and select, not message m&, but, let us say, mj—l or m,+1.

However, in any case, the reproduced message will be'noise free,.

The specifics of the process of making a declslon appear here:
The cholce 1s made, according to vector r,, contalning a message on
a noise background, but, after choice, thé nolse-free message 1s
reproduced. Because of the presence of noise, making a decision on
the cholce of message m, from ensemble {m,} is characterized by the
probabllity of correct §eception of less Ehan unity and a probablliity
of error greater than zero. The greater the dlstance between the
vectors {m,} and the less the length of the noise vector, the less
the probability of error. Ior practically reliable recelving of a
message, 1t 1s not obligatory that a theoretical estimate of the
probability of error equal =zero. Experience in receiving a text
by telegraph or everyday experience in reading texts confirms this,

Comparing the basic concepts of information theory and optimum
receptlion theory set forth above, their simllarity can be noted, in
the fact that the ldea of selection of a message from an ensemble
is used in both theorles, true, from somewhat different points of
view. A gquantitative measure of the possibllity of cholce is used
in information theory for evaluating indeterminacy. Attention is
stressed in receiving theory to making a choice as a decislon-making
process,

A measure of Information 1s synthesized, by means of an inte-
gral estimate of the probabillity distributlon pattern of the entropy.
Such an estimate 1s stetistlcal in nature, but it 1s not probabllis-
tic. The decislon-making rule (formula 2.12) introduced above also
is not probabllistic. However, this is only the simplest partial
rule, Criteria were suggested in work [4], according to the maximum
a posteriori probabllity. Subsequently, the probabilistic approach
to study of the decislon-making process led to extensive use of
various probabllity criterla encompassed by statistlcal decision
theory [3, 38].

Optimum reception theory enriches the conception of the process
of obtaining information and, in particular, emphasis on the
importance of a priorl information in choosing a message.
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2,2 Bringing an Qpti~um Receiver of

............ JR—

DIscrete Messages into Being

= —

We turn to the peneralized structural dlagram of a comnunicae-
tions system, which 1ia generally accepted in communications theory
[6, p. 245)(Fig, 2.2}, In the dlapgram, the receiver is separated
from the recliplent making a declsion on the messape, There are
two definitions of a receiver: Including a decision-making device/Th
(as in section 2.1) and without a decilsion-making device., We examine
the possible reason for the presence of two definitions below and,
until then, we turn our attentlion to the fact that the structural
dlagram in Flp. 2.2 permits codlng of a pure, nolse-free message 1n
the transmitter. The signal from the transmitter output 18 subject
to degradation by nolse only in the communications channel. Some=-
times, the presence of only ore source of nolse in the dlagram of
Fig., 2.2 is explained by the fact that all nolse sources are com=-
bined into one. In calculation of noise power in the system, thils
can be done. However, not simply an estimate of nolse power 18
important, but taking account of_degradation of messages by nolse
in the corresponding components,

We turn to the struc-

tural dlagram of a tele-
Infod- .tran!- g‘g{!ﬁc ecet recig- vision system with noilse
ourcqd & "mittF}"r-f' ng ‘gE“"ece *lient sources (Fig. 2.3). The
8 g & E“ﬁ% source of & message (image)
] o no is a scene, an object of
g 4l ise |ER observation. The carrier
gourde of information about the
object observed is light,
i.e., electromagnetic
Flg. 2.2 Structural diagram of waves in the optical range,
communlications system accordlng reflected or radlated by
to Shannon the object. The optical

image 1s a macroscoplece
description of the electromagnetic waves. The mathematical descrip-
tion of an image 1s a function of three Carteslan coordinates, /75
time and wavelength m(x, ¥, %, &, A). Image m(x, y, 2, t, A) !
gives a description of the electromagnetic waves of reflected
objects, only on the part of useful informatlion about the object.
Another theoretically inherent aspect of the descriptlon of electro-
magnetic waves 1s photon noise. Photon nolse is the result of

1tn the structural diagram (Fig. 2.2), a transmitted signal
is a coded message, not taking account of nolse, and the recelved
gignal, 1s the sum of the transmlitted signal and nolse. Such use
of the term "signal" 1s not harmonious. We will apply the term
"message" to a message carrying useful information about an object
in uncoded or coded form, and the term "signal," to the sum of the
message and nolise.
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macrafcople appearance of electromagnetic radiatlon of a gquantum !

nature, Therefore, the model of an optical alpgnal reaching a

televislon ayatem input is the sum of two functions, menerated

simultanecunly and theoretically Indivisible: Of the optlcal imape

znd ?hoton nolae; r(x, ¥y, 2, t, A) = m(x, vy, 2, t, A) + n{x, ¥y, %,
. A »

b o m e e a ameam

Tube
[
scene rtarget
i
phnton target :
noise noise é

Fig. 2.4 Generalized structural diagram of
television system

In the conversion process, the optical signal is distorted in
the television system components by the lnherent noilses of these
components. There is not a single component 1n a television system,
in which converslon of a pure image (message) can be accomplished
in the absence of nolse. A generalized structural dlagram of a
television system can be constructed, which 18 represented 1in
Fig. 2.4, The diagram contains two channels and two types of
electromagnutic wave recelvers: optilcal and radio range, and it
reflects the cbvlious fact that the televislon transmitting camera
is a component of the system, performing the function of receiver
of electromagneti- radlation in the optical range, to which
optimum recentlion theory must be extended,

The difficulty in bringing into being an cptimum receiver,
the concept of which is given in section 2,1, consists of
difficulties in creating the storape device and resovlver.

For clarity, we use a set of N unit vectors, in the form of

displaced square pulses g(kat), of duration At and unit energy
(see sectlon 1.5). Then, we present a discrete message in interval
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T, in analytleal form, as

5 -
’"‘“} E'"‘k”u kl\’)l f‘ "| I| 2;---. :11 ‘l (2.]3)
|
where N = T/At,
We will distinpulsh two types of messapges: /16

1. Complex, the slze of get of which 18 determined
by the quantity M = 8%, where N 18 the number of
symbols in the message and S 18 the number of
symbols in the alphabet,

Just such a set of messages 1s analyzed in a
statement of the measure of informatlon.

2. The simplest messages, for which the number of
possible messages is equal to the number of
unit vectors: M = N,

An example of the simplest one 18 a message,

which 1s a square pulse, colnelding with one

of N unit vectors:
N

() E’M‘“’“' RAGO  pi @ADL kR L 20N (2.14)
kool

where A 1s the pulse amplitude and 841 is the

Kroneker symbol.

Receipt of the simplest message entalls the pnodquetion of

an smount of information equal to logsN binary units, 1in place of
the quantity NlogsS binary units, in ghe first case.

One possible storage device conslists of a mosalc -of filters
matching the unit vectors.

A matched f1lter 1s an ideal pulse energy storage device.
?he ﬁ%gnal-noise ratic at the output of a filter-matched pulse
2.14):
1, RE SN
q B Sn S ! (2'15)

where 2 = A?At is the stored pulse energy and S_ 1s the spectral
density of the noise power at the filter 1npu€.

Applied to extraction of the current pulse of amplitude AI on a
background of current I¢ (see Fig. 2.5), formula (2,15) is trans-
formed to the form

I8TAT , TATAT ,
q .....--S—n--—-- Bt ] l —-2—0-7;-- == k " Kr" ( ? . 16)
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where 8_ = 2el, 18 the mpectral denslty of the background current
ahot no?ae, N_“1s8 the mean number of backpground electrons, summed
over the pulse time and
e M
Iy

18 the pulse contrast.

Formula (2.16) colncildes wlth the
previously introduced formula (1.3),

11 ! and 1t shows that a matched fillter
- S S T serves as an ldeal electron summator.
E
_J- ]_L The complexity of a storape device
increases almost linearly 1in the general
Flg. 2.5 Square current case, with increase in number of symbols
pulse on background N in the message. In the partlal case,

when message (2.13) is a discrete func-
tion of time t and g(t - kat) are time pulses, it 1g sufflclent to
use Just a single matched fllter. 1In this case, a solution can
be adopted, on the basis of selection of signal records at the out-
put of the single matched filter, at moments of time [3, p. 350]
kdt, where k = 1, 2, . . ., N.

Storage of a priori informatiun on the set of messages trans-/77
mitted is necessary for creation of the recelver resolver. This
information 1s necessary for making a decision on selection of one
message. It 1s evident that, for storage of M messages which differ
from one another, even in one bit of data, requires a memory of
capacity M bits[39]. Consequently, the optimum receiver should
have a working memory on the order of M bits, The memory 1ls called
a working one, since inspection of the memorized data is necessary
for making a declsion in a limited time T . In order to estimate
the capacity of the working memory, we coh8®der that the number of
unit vectors required for presentation of a set of M discrete
messages, N always sM [3, p. 2211].

Optimum receivers for the two types of messages ape distinguished
by the required memory capacity M. For one type M = §” blts, and
the memory lncreases exponentially with increase in the symbols N
making up the message._The memory capaclty of a digital computer,
on the order of M = 109 bits, would be sufficlent only for recelv-
ing messages of eight symbols in an alphabet of S = 10 symbols,
For the second type (receipt of simplest message [formula 2.14]),
a memory capacity of N bits in all is required. A storage device
of N matched fllters possgesses such a memory.

Using a priori information stored in the memory, the resolver
must carry out MN calculations cf the distances between vectors

N
d?ﬂ;(ﬁl—‘"“h)nv (=0, 1, 2. ML
-l
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These caleulatlions must be carrled out in deelsiontime T . If A
message 1a complex (M m Sw), the volume of caleulations Fgﬁuirad in
flme T e inereases exponentlally with increase 1in number of
aymbolg ﬁ in the mersape. If the calevlatlons are carrled out se-
quentially in time, this means an exponential prowth in the calcu=
lation speed, which Is lnaccessible to the technology. In carry-
ing out calculations in parallel 1in time, an exponentlal lncrease
in number of parts in the computer 18 requlred [3, p. 3501, When
the messape 18 the simplest one (M = N), a total of N calculations
must be carrled out to make & declsion:

min (ra—-A)4 k=l 2,.,. N

Let us apply what has been sald to a recelver of dlscrete
optical images in televisilon.

Creation of an optimum receiver of the simplest image 1s with-
in the reach of television (see Fig. 1.28). Such an image, with
account taken of the change from a single argument t to Cartesian
coordinates (x, y), and the observation time interval T, is a
two-dimensional square pulse, i.e., & square spot (see section 1.5)

A g Agly- o\ g

where ix =1, 2, . + ., 2, and iy =1, 2, « « .y Z.
A spot of area AxAy (in which 4x = Ay) is located on a uni- /78
formly  bright background of area i2 = z2AxAy.

For simplicity, the entire movement trajectory of the spot wlll
not be examined, but the position of the spot in a single 1nterval
of time, equal to the exposurz tlme Te’ during which the spot is
stationary, to withnlin Ax,

The number of images in a set equals the number N of poussible
positions of the spot in fleld L2, Selection of the image from a
set means detection of the spot and measurement of 1lts coordinates,
which are accompanied by productlon of logoN bits of data.

The optimum receiver will contain N matched filters, which
are photon or photoelectron storage devices, and a simple resolver,
which, from N readouts of ry, from the filter outlets, selects the
one, in accordance with rulé (2.12), which i8 closest to the pulse
amplitude. We compare such a receiver with a known television
system (see section 3.4), It is easy to note that both resolvers
are 1ldentical in type of 1mapes recelved and functlons performed.

A second difference in the resolvers are identical in type of 1imapes
received and functions performed. Acertaln difference in the
resolvers 1s caused by substitutlion of the probabllity rule, based
on the Neumann-Pearson criterion, for decision rule (2.12).
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The main thing whiech flows from the theory of the optilmum recelver
18 the faet that an optimum television eamera should contsin, not a
alngle storage device, but a moanle of N photon storage devices,
Thia recommendatlion of the theory of the optimum recelver colneldon
completely with experlence in bullding similar television syastems,
havirg the greatest llght senaltivity.

Creatlon of an optimum recciver of the simplest image 1o simpli-
fled atlll more In the partlal ease, when the spot coordinates are
known a priori., In this case, the set of possible mossapes 18
decreased from N to 2: There i3 a spot and there ls not a spot.
The amount of data produced 1s one bit. The optimim recelver rfor
solution of this detectlion problem consists of 2 total of only one
storage device (a matched filter) and a resolver, in the form of
a threshold limiter.

In practice, creation of optimum recelvers encounters the
problem of control, not only of the external noise accompanyling a
message entering the recelver inlet, but control of the inherent
internal nolse of the receiver circuit. An effective means of control
of internal noise in presence of external nolse 1s matching the power
of the two nolse sources, by means of amplifying or coding the
message. The message, together with the external noise, 1s ampli-
fled to & level, at which the power of the external noilse exceeds
that of the internal.l

Let us consider the possibility of bullding an optimum recelver
of complex, discrz2te images 1n television.

It is well-known from experience in space television that the /72
lower limlt of acceptable definitiﬁn of the television frame corres-
ponds to a 100 line scan or N = 10% elements (symbols) per frame
(see Chap. 5). With an average number of graditions per symbol
S = 10, a discrete image with definition N = 10" elements forms a
set of M = 1010000 possible images.

Making a decision on selection (diserimination) of one 1mage
from such a set would require a resolver with a working memory
capacity on the order of 1010000 pits, 1In this case, there is nothing
left but to give up bullding a receiver with a resolver. The possi-
bility remains of making a storage device for the optlmum recelver,
which can be called a recelver without a resolver. The television
camera is just such a receilver. The purpose of 2 television camera
is delivery of readouts (myj, Mys, « + s M ) of information for
subsequent semantic process}ng %y thelr reciplent, a man.

Therefore, two definitions of a recelver are encountered: In
the broad sense of this word, a receiver with a resolver (when this

lphe importance of the operations of amplification and coding
an optical signal for noise control in televislon has been discussed
in articles [40, 4l].
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can be realized technieally) and, in the narpow senge, a repelver
without a resolver, the funetion of whieh ean be performed only by
man.

Tt should be emphasized that what has bean sald holds tirne wlithe
in the framework of theory, based on a atatistiecal model of A mensapoe
and on the concept of nonsemantic infermation, The limited nature
of these concepts has already been noted 1In section 2.1. In life,
man uses such an optimum recelver as the visual analyzor (the cyes),
which, with a relatively small memory capaclty (the memory capaclty
of the brain 1s estimated to bc on the order of L0V blt) distingulshes
images very well, with a definltion of over 10% elements, It is
obvious that the visual analyzer has a very effective method of
deseription of an imapge ("visual language"), with the ald of which
a glgantic set of statlstical images 1s successfully reduced to an
acceptable volume of semantlc 1mages.

Modern televislon technology is far from such &4 capabllity.
The only thing which can be done 1is to artificlally 1limit the
purpose of an optimum television receiver by an automatic selection
(digerimination) of a limlted number of 1mages from a set S" images,
equal, for example, to N. The required memory 1s then reduced to
N television frames, with a definition of N elements, which can be
accomplished on photographic film.

2.3 Models of Continuous Messages
and Their Information Characteristics

Discrete messages were examined in sections 2.1 and 2.2, The
specifics of television includes receiving and transmittling contin-
uous messages. When 1t 1s desired to explain the concept of a /80
contlnuous message, as a rule, one turns to the example of optlcal
images. An electric video signal (within a single 1line) at the
television camera output is an 1llustration of a continuous signal,
i.e., the sum of a continuous image and nolse in electrical form,
Reasoning by analogy with the statistical model of a discrete messape,
a statistical model of a continuous message can be constructed, in
the form of a continuum (i.e., infinitely large) set of continuous
functions m(t), 1limited by argument t and called finite [42].

Random function m(t) should be finite, 1n order to reflect the
properties of real continuous messages, which always have a beglnning
and an end, l.e., m(t) = 0 at t < 0 and t > T.

Thus, the model of a continuous message is a transient random
function m(t), differing from zero in finite T, l.e., a finite ran-
dom function. Althoupgh such a model reflects real messages well,
it is difficult to analyze mathematically, by virtue of the tran-
slence, A model, in the form of a steady random function, defined
on the entire axis of the argument t, 18 more convenient. A steady
model, like a transient one, reflects the major property of real
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menpages, their inpredietab1lity with zern epror, Tt was shown 1in
work [26] that the eondition of Lmpoaaibllity of predietion (extpapa-
nlatlon) of the funetion an far aphead ag deglred, with as amall an
error a3d desired, 1n written in the form

“ 1o S ()1
mfl|ﬁ'W<m' e

where 8p(f) 1n the speetral dennlty of the powep (enerpy apootrum) of
random functlion m(t).

I'rom the Kolmogorov conditions of unpredictabllity of o ulinn)
(2.17), 1t follows that the cpectral density of a continuous mossape
cannot be limited, 1.e.. 1t does not equal zZero on the frequency
half=-axls, and i1t cannot deereuase expontentially. In fact, 1f
Sm(f) = 0 at £209ym» integral (2.17) diverges.

In probabllity theory[43], the possibility has been proved of
representation of a steady random function by the scries
1 (1) \ My gy (1),
[ .-\l. ( 2 . 18 )

"

M mCpnCt)dt, eu(t)
hepe |L (Dwpu(t)dt, gul

are unit vectors defined by solution of an integral equation depend-
ent on the correlation function of process m(t).

Serles (2.18) has a theoretical value, demonstrating the possi-
bility of geometric representation of a steady, random function, /81
by & Vector in space of an infinite number of dimensions, with unit
vectors {¢,(t)}. However, by virtue of the difficulty of defini-
tion of thgse unit vectors in the general case and the complexity of
thelr form for partial cases [U3], series (2.18) has not become
widespread in engineering practice up to this time. It 1s possible
that precilsely this difficulty should explain the fact that another,
So=-called singular model of a continuous message, which 1is simpler,
1s more widely used in communications theory up to the present time,
since 1t 1s constructed on the basis of a truncated Kotel'nikov
series. Let us examine this model.

The ldea of replacement of analysis of transmission of a cone
tlnuous function through a communications channel by transmission of
a sequence of dlscrete values of 1t 18 contained in works [36] and
(18], ‘'he approximate nature and artificlality of such a replace=-

lphe integral equation was introduced in work [43, p. 118]. It
18 not introduced here, since it is not used subsequently.
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' ment hag been noted [18, p. 18], Thig 1des onun be conpidered to he
g transfer to comnunlontiong theory of the mathemntion) problem aof
tabulation of eontinuouss functione, 1,e., of the Approximute PAPPE=
pentation of fthe latfer by tablen of numbern, Thin 1den pecelved n
slgnificantly more complefe bagis in the work of Kotel'nikov 1n
7 1933 fAH). Tn accordance with the Kotel'nikoy theopom, 1 funetion
m(t) hos a limited apeetrum, 1.e., 160 Fourler trannform equaln
zero at froquenclen above 1imlt W, 1t han an orthofonal reprepento-
; tion in the form of the nerilen

| miy N mpe kA,

Rl (2.19)
-
where meo MU E RNDdE e ND YN
e w kan
wil kAN M VAR
| (IRY il
TR RN

v
The simple form of unit vector ¢(kat) and the simple method of

calculation of coefflcients my, which are proportional to the inatan-
taneous values of m{kat) of tge function, make it convenient to use
series (2.19) in communications technology. The requirement for
transmission of an Infinltely large number of readouts m(kaAt) of the
funetion, which differs from zero along the entire axls of argument
t_l==, «»}, causes an inconvenience. Real messages differ from zero
onily 1ln interval T. Clearly, there have to be readouts (symbols,
elements) in this interval,

r 1} g
VAR TS (2.20)

In order to take account of this circumstance, it is considered
i that all readouts outside of interval T equal zero:
f my = 0 at k<= N/2 and k >N/2. The Kotel'nlkov series then de- /82
generates i1nto the sum

N

B N
min N mopt kA 2 A (Y (2.21)
Ko o

?

Sum (2.21) has a geometric representation, 1ls an N-dimensional
vecetor in the spacc of unit vector y(t=kAt). Consequently,
the continuum of continuous functions_m(t) can be replaced by a set
of vectors {m}, of finlte dimensions.

1The term "set of functions with limited duration" is used in
work [6, p. 295). The incorrectness of this term 1s explalned in
work [42, p. 174].
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It 1n enny to aeo that the madel of g aontinuons mesaage, 1n the
farm of ret (2,21), dosa not antiafy Kolmognrov eondition (2,17),
Teoos 1€ 18 aippular, Phe Punctionn with " limited ppeotrum he lonm
fto n apeeinl glusa, the so~called Integral nnilytic Punetiong [ha2],
The analytleal nature of the funation maken postible 16n extropola-
tlon with #ero cppep, Connequontly, the singular modol doen nof;
reflect the mnjor characteriatic of real mennoagen.  Howover, deaplte
this lneerreetness of the sinpular model of a continuous measapme, A4
1s aimple and, therofore, fnellitnten wldespread dintributlen 1n
gommunientlonn theory, Tn particular, this model 1o the banlg of
Information theory for continuoun mesangoey, reportod in the well-
known work of Shannon [6]. In sum (2.21), coofflctlents M) are ¢one
pidered oo unidimenuional random valucy, having a continuous proboe-
hility distribution P(mk), ot

[T 28 BRL SR o],

It 18 evident that uniform dlstribution of probabilities (all values
of m in the range {=w, =] areg equally probable) has an infinite
entropy value. However, for a normal (Gaussian) probablility distri=-
bution

"y,

g d , ‘ ¢ Ol o, o),

1
o

where mﬁ 1s the dispersion, the entropy in a finite symbol:

Hytn) " Topes 2 v e ity

Then, the entropy of the singular model of a continuous message
is finite and, independently of coefficients my

-' \ foyy 2 stomy,
v .J e be- (2 . 22)

H

-~

We wlll conaider that the dispersion of all readouts equals: /8
mg = of (2.23)

The expression for the entropy of a continuous message, pre-
sented Iln work (6, p.298), flowg from formula (2.22), under condie-
tion (2.23): H(m) = TFlog,2res” bits or, in the unit time,

Hoann Flooyaeo’, bit/sec. (2.24)
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-y,

The entropy of the singular model of a white, Gauasian nnlge,
with band frequency I and average pawer P 16, p. 300]

H'(n) = FlogoareP . A continuoug signal pupses Along the communi-
catlons ehannel, which 1m the sum of A continuous message and nolse:
r(t) = m(t) + n(t).

The Information characteristies of a communic¢ntions ehannel with
restricted frequency band ¥ 18 the throughput capabllity (capacity)

Cowasiltan 1un) bit/sec,

The Shannon formula for caleculation of throughput capacity in
white noise:

Cofom [E ] pie/see, (2.25)

where P 1s the average power of the message, Pn 1s the average
power oF the white noise.

We note that, by formula (2.25), even under the conditions

O<P <Pn, the throughput capability of a channel can increase, although
slole, with lncrease 1n frequency band F.

For a nonwhite Gaussian noise, the throughput capabllity is
calculated by another formula of Shannon [6, p. U454)

a
+

i

. S ini

: i m ATy .

: jlh“ll‘sﬁuu / (2.26)
1]

where 8 (f), Sn(f) are the spectral densities of the power of the
message m(t) and nolse n(t).

Formulas (2.25) and (2.26), for calculation of throughput
capablility, are widely known, and they are introduced in all popular
presentations of information theory. Another information gquantity
introduced by Shannon, for the characteristics of the source of
continuous messages, the rate R of creation of a message with the
root mean fldelity criterion of reproduction of the message [6], 1s
less well=known. When a set of messages is a singular white noise,
with average power Q, the quantity [6, p. 3211]

R = minfH(m) = Hr(m)] = H(m) - maxHr(m).

However, the maximum entropy H_(m) 1s reached, when the devia-/84

tion of function pr(t) from the initial message m(t) 1s white noise.
Therefore,

A Q
R e @y Flog p, (2.27)
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at

where P 1s the permissible root menn deviation of the reproduced
megpAge phlom the original one, equal to the white noige power,

According to formula (2.27), the rate Rsi only under the condi-
tion Q>Pn.

We emphasize once more that the formulas Introduced (2,24),
(2.25), (2.26) and (2.27) were obtained for partially limited
(singular) models of a mensape and a channel.

In the works of Viner [7] and Kolmogorov [5], a model of a

eontinuous message wasg used, 1n the form of a stationary, random
funetion,

The entropy of the random function 1s infinite. Therefore, the
prineipal information concept allowing generalization to continuous
messages 18 not directly the concept of entropy, but the concept of
amount of information in the observed (measured) random function,
relative to another random function (7, p. 78]. By calculating the
amount of information contained in the sum of a continuous message

m and nolse n relative to the message only, Viner gives the following
formula [7, p. 149]:

. . S ()
l(m TR T ..i |Ogall ' MS:Z% tl/. bit/sec' (2- 28)

Formulas (2.28) and (2.26) differ only in the integration limits.
The spectral densities of 3 message S (f) and noise S_(f) in (2.28)
are not limited by frequency band; therefore, the inPegration is
done 8long the entire frequency axls, The spectral densities
satisfy condition [45)

iy St (.
e Sylf}

Therefore, improper integral (2.28) converges. It is clear from
formula (2.28) that even those high~frequency sections of message
spectrum, at which 8 (f) < 8 _(f), make a positive contribution to the
amount of informatioR in thenmessage. The colncidence of formulas
(2.26) and (2.28) shows that the latter concerned finding the
throughput capability C and not the rate of message creation R,

The method of calculation of R is given in the work of
Kolmogorov [5], where the quantity R is called the e entropy.
Although the entropy of a continuous message (of a random vector of
infinite dimensions) is infinlte, by assigning an error in obser-
vation of the message greater than zero, a finite value of the ¢
entropy of R, obtained as a result of observation, can be determined.
In partial cases, the method of calculation of the e entropy gives
simple formulas, including formula (2.27). We introduce these
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formulan. We begln with the formula for ealoulation of the e entropy/{85
appliﬂﬂblﬂ to a madel of A diserete mesgage, 1n form of an N"df‘-mf}nﬂionﬂ.i
random vector

»
m = (m1. m2| ) ¥ (] mN)-

Formulatlon of the problem 1n the work of Kolmogorov [5) 1s similar,
Tn the observatlon procens, Lot i he approximated by
vector B8, with a fixed root mean copror

L] ]
ot fmopp

The error approximation factor

-> - -
A= - 8

> -+
The spaces of vector m and 8 coincide, i.e., it 18 known & priori that
the unig vectorsef vectors (¢, (t)} are identical. Coordinates m of
vector m are mutually 1ndepen5ent, gnd thgy have a continuous normal
probabllity distributlion. Vectors m and A also are mutually inde=-
pendent.

The entropy of vector m at
zero error ¢ = (0 13 determined
by formula (2.22), We calculate
the ¢ entropy, with a fixed

’l d error ¢ >0, We consider that,
1 IIII
§ ¥

in the general case, the values
of dispersion ﬁﬁ are nonuniform,

-
' l.e., condition (2.23) is not
Fig. 2.6 Calculation of ¢ entropy satisfied. By means of simple
of a discrete message renumbering of subscripts k, the
disperslon can be arranged in
de¢reasing order of value (see Fig. 2.6). Then, with a fixed ¢ > 0,
the quantity 62 is introduced, which determines the level of limita-
tion from the equation [5, p. 87]

3 ): min (0%, m), (2.29)

Solution of equation (2.29) requireg comparison of the dig-
pgrsion ff with the limiting condition 8<, A case 1s possible, when
mg > 62 at all

RCAL, N

However, 1f the error in approximation is not too small, the case
depicted in Fig. 2.6 is possible, The range of subseripts k is
divided into two sections depsnding on the value of 082: mﬁ 2 8”7 at
k=1,2,, .., Noandmg 2 62 at k = N_, N, + 1, . . . . N
Equation (2.29) can then be rewritten in the form
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RGN "y
e . (2.30)

Equation (2.30) showa that, owing to not too amall an error 1in
approximation (e » 0), 1t will be impoasible to obsepve part of the
coordinate me at k » N , Therefore, approximating Veetor § m

(B1, B2, « . .y BN) 8hbuld be melected, so that [5, p. 88]

N O Y S T AU
I | at A N XN

This means degeneration of approximating ¥ector B: Tt turns /86
out to be not N-dimensional, but only N_-dimensional. It is evident
that the following relationships hold thue:

v ek L,
oMy at kLA, N Lo A,
hi b .0 at A o2 A
SR N at 0N L, N

The ¢ entropy R 1s determined by the formula (5, p. 871

. -

. 1 my,

k.. " 2 loyge “i]{-”" bits. (2.31)
il

Calculation of e entropy for a vector having an infinite number
of dimensions differs in no way from the case of a finite-dimensional
one; moreover, the circumstance that a vector with an infinite
number of dimensions will always degenerate, while this is not
obligatory for a vector of a finite number of dimensions. Based on
this, we introduce the e entropy of the equilibrium random function

m(t} by its power density S (f). The limitation level ¢ is deter-
mined from the equation

i \ i |04, N, (). (2.32)

By means of &, the ¢ entropy value 1s found by the formula
(compare with formula [2.41])

R oSty bit/sec, (2.33)
where S_(f) » 82,

In order to explain formulas (2.32) and (2.33), we turn to the
frequenc y~unlimited, monotonically decreasing spectral density Sm(f)
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(see Pig. 2.7). It can be noted that the limitation level ac
determines the finitg frequency band FF to be gueh that 8 (f)262
at f & Foo 8p(f) < 0 at f >FF, whﬂve‘FF 1a found from ﬁWthiﬁn

dufh Sﬂl (I'l ’ “'-I (2 . ‘q"l )
Taking equation (2.34) into

conglderation, we rewrlte cnlcula=
tlon formulas (2.32) and (2.33) in

the form

' g Ny (F
Fig. 2.7 Calculation of ¢ R tom ™ df pit/see,  (2.35)
entropy of a continuous "
message ,, Where 62 is found from the equation

-:, TR | AR \' AVITITA (2.36)

;.

It 1s evident from (2.35) and (2.36) that, if the root mean error /87
€ = 0, the frequency band F_ = = and ¢ entropy R = =, Assignment of

not too small a root mean ePror e >0 is accompanied by loss of an
infinitely large amount of information contained in the high=~
frequency part of the spectrum S_(f). From the energy point of view,
rejection of this part of the spZectrum Su(f) means loss of only a
small fraction of the power in all:

\ St () olf
!

g —— ]

Py A

{8 () df
0

Prrs,

Quantity of information R remains accessible to observation in the
limited frequency band FE.

Formula (2.35) changes into formula (2.27), upon incorporation
of singularlity into the spectral density Sm(f). We assume that

v Hm at /. r.

K T . (2.37)
Then, message power Q = 8 2F , We hage Q2 2 e}.?Fe from (2.36).
By substituting the valuel of Q and 8° in (2.35), taking (2.37)
into consideration, we obtain R = Felbgaa/e « This formula coin-
cides with formula (2.27 at e = P ¢

Obtalnlng the formula of Shannon from the more general formula

(2.35) involves a fundamental innovation, which consists of the fact
that 1t now is evident, why and within what 1limits (with not too
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amall e) the foarmula of Shannon nan he Appliled to processes with an
unlimited mpeetrum, and thear are of more and more urgent intereat
to us 1in the theopy of messnge tranamlasion [6, p. 931.

The aeircumatance mentloned, heslde theoretical importance, 1a
of great practical importance., It conelsts of the fact that the uae
of formulas (2.25) and (2.27) in englneering calewlations atriken
the Indeterminacy in finding the frequeney band F applicable to real
obJeets, It 1s known that all peal lincar filters satisfy the
Paley=Viner condition (1.15) and are not frequency=-limited. A
process with a limited spectrum cannot be formulated hy means of
them. A pulse which can be formed in radlo engineering always has
& limited duration and an unlimited spectrum (Fourler transform).

Determination of a finite frequency band F_ for a continuous /88
message with spectral density Sm(f), which 1s nét frequency-1imited,
contalned in work [5], provided a way out of this difficult position.

2.4 Specifics of Theory of Reception
of Continuous Messages

It was noted in section 2.1 that ohe of the 1nitial points in
the theory of optimum reception of discrete messages is the assump=-
tion of colncidence of the functionsl space of the signal at the
recelver outlet with the a priori known space of the ilncoming
message., This assumption permits an optimum recelver, containing
filters, the number of which and bulse characteristics of which are
known (N filters matching the unit vectors), to be constructed, on
the basis of a priori knowledge of the set of N unit veetors
{¢x(t)} of the incoming message.

The method of calculation of the e entropy of the continuous
message, stated 1n section 2.3, also assumes a priori knowledge of
the message unit vector and matching of the spaces of the ocutput
slgnal and the incoming message.

l'or a statistical model of a continuous message, the question
of a priorl knowledge of the unit vectors 1s determined by series
expansion (2.18). Finding the unit vector requires a priori knowl-
edge of the correlation function of a continuous message and solution
of the corresponding integral equation [43]). The correlation
function of an opticail image received 1s not known g priori in
television (we have complicated subjects in mind). Nevertheless,
a receiver of optieal images under such conditions must be planned,
Even 1f the correlation function were to be known a priori and,
having solved the integral equation, the unit vectors were to be
found successfully, theilr number would be infinite (as could be
expected), construeting a receiver with an infinite number of fil-
ters would not appear to be possible. Therefore, the specifics of
optimum reception of a continuous message must be examined, due to
the fact that the correlation function is not known a priori and
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the output signal space ecannot be matehed wlth the unknown measage
space, We carry out such an examination, appiienble to an optieal
image, keeping in mind the silngularities of televialon, which doen
not disrupt the geneprallty of the concluslona. Let a npontinuous
stgnal enter the recelver inleti the former 1a the aum of two random
functions: The continuous messame (optleal image) &(t), which 18

an analytiecal record of an objlect belnp studled, and nf whitoe
Gaussian nolse n_(t): {E{(t) + n_(t)}.

Random process E(t) 1s determined in lntevval T, in whiech 1t
has a finlte energy E,: the correlation function of the process 1s
not known a priorl. ﬁ flat optical image 1s a function of four /89
arguments £(x, ¥, t, 1), but for purposes of simplification of the
writing of the mathematlcal expressions, we use one argument €.

Considering the a priori lack of knowledge of the message unit
vector £(t), we arbitrarily select the functional space of the out-
put signal. As a working hypothesls, we use the space defined by
N = T/At with angular pulse: unlt vectors g(kat) (see section 1.5).
Message E(t) 1s represented in the space selected with distortions.
This representation 1s discrete and, consequently, 1t can be repre-
sented geometrically by the random, N=-dimensional vector:

ﬁ,-pmhrmmm,nqw, P20, 1, 2,.,., Al=l,
» 7Y

My =j () el --RADA = ) AT "KlT \ E(D)dt.
A ' (h-"1) At

The analytical form of the discrete representation of message
e(t) 1s a set of functions

N -
ni{l) *2 nein g(f=kAt), i=0, 1,
[ Or |

2, . . 'Y M - 1- It iS eVident that
N N

Bm';.'k p/\r

[P i |

| M.! 18
o ‘ wwt, < by,
(A-=1) At

The discrete representation my(t) of continuous message £it)
contains, although with distortions, useful information on the object
being studied. We set up the problem of optimum reception of dis=-
crete representation my(t) on a background of white nolse n,(t)s
r(t) = m(t) + n,(t).

Such an optimum recelver 1s known, and it has already been
deseribed in sections 2.1 and 2.2. We repeat that the recelver
contains a mosaic of N photon storage devices (matched filters).
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The storage devices (f1ltera) have rectangular (square) pulae
characteristies, differing only by the shift h (t) = eg(t, ~kat),
where ¢ and t, are conatant and Tdentieal trangmisgion funetlong;

A ﬂﬁﬁf;’. . (2.38)

The slgnal at the receiver output 1s the reality of the random
vector 4 e ee
Ko omg|on,
where - | w
e @t ey M M (e (e -RADL
It was noted earller that, In the receiving process, the white
nolse vector "degenerates" changing from an infinite number_of

dimensions to N=-dimensional., The presence of nolse vector n /90

interferes with precise measurement of the coefflecients my from
readings of Pyp = My + ny.

We find an estimate of the amount of information R at the out-
let of such a receiver. Useful information 1s contalned 1in the
measurement of coefflclents m from reaaings of r at the output
of the matched filters. Mea&ﬁrement of coefficieﬁ% m is a2 well-
known problem of estimatign of the amplitude of a rect&ﬁgular pulse
on a background of nolse n. The signal=nolse ratio at the output
of the k<h matched fiiter 1s

.. J b 2 m}lk
i, _‘:' s,

where E, = 7, is the stored energy of the k-=th coefficient (averag=-
ing is 5arrié5 out over all subscripts)

(€10, M—-1]), S,
is the spectral density of the white ncise power.

Considering the match®d filters as a mosalc of photon storage
devices, we take lnto account that the quantity Q, is determined by
the number N of stored photons (see formula [2.56], at. a4 contrast

which eqﬁgls unity )i

173 l:v:;. (2039)

For measurement of values of m,,, the signal-nolse ratio Q
must be above the threshold Q . ﬁgcumulation of one photon cgn—
not quarantee a reading; therg?gre, 1t 18 evident from (2.39) that
the threshold signal-noise ratio QU is greater than one.
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(enerally apeaking, coefficlen
continuoug set. However, becaunse o
pesylts of measurement of m,, from
values My, helonging to a &5rtuin

TV [T LR

!.;.(:)_ Q‘L‘}H},i' .
Lty ~== 35%933“’
uvlce

Fig. 2.8 Sequential processing
of readings, by means of amplltude
quantization device

tegom K can assume vAlues in A
f thg presence of nolase, the
the r,. readings are quantized
nutnu‘halphahﬁt:

iy, ‘

Sequential processing of
readlngs r,,, by means of an
amplltude &ﬁantization device, 1o
shown in Fig. 2.8. The quanti-
zatlon device output alphabet
contalns S, discrete ampllitude
values (grEdations). The number
of gradations

N i Loy V" K g
dthr \ Sot' s hr S ehy

Consequently, the amount of information reccived by measurement of
one coefficlent m equals 10g,S; = 108-4,/ Qs ppn® Neighboring my,
ig El%er u§ aPQ dis ﬁ

readings at t matched £
other by interval At.
pendent.

outh tant from eaec

Such readings are orthogonal, i.e., inde-
By virtue of the independence of the readings, we obtalned

the desired amount of information at the output by simple summing:

F\“.
- 'l' s Loty

koA

Formula (2.40), obtained by using the signal-nolse ratio at the /91

Hf:;k

L pies,
’ : ‘e h

(2.40)

matching filter outlet, colncides with formula (2.31), for calcula-
tion of the ¢ entropy, if the followlng equallty holds true

g

Equality (2.41) physically

1 +
—— N
P} qt h rH‘

(2.41)

1s completely understandable,

sinece the threshold level g2, determined by the approximation error,
1s determined in the case belng consldered by the dispersion of
nolse, with allowance for the threshold signal-nolse ratlo Upp 1.

The receiver being considered, which 1s optlmum for discrete
image m,(t) of continuous message £(t), 1s not the optimum for the
message 1tself £(t), by virtue of the arbitrary selectlon of the

shape of unit vectors g(kAt) and the number of them N.

Within the

framework of the shapes of unit vectors gelected in accordance with
a small amount of a priori informatlon, we inprove the optimum

nature of the receiver, by means of increasing the number N of unit
vectors, to values guaranteeing the greatest amount of information

recelved R.
on number of storage devices N, 18
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For this, the dependence of amount of {nformation (2.40)

analyzed,




T g I e e

The initial sectlon of the R va. N eupve is ohvioust ofb N =0,
the quantity R = 0 and, with lnerease in number of preadings N, the
amount of information R inercapes, The queation annplate of dee
termining whether R lInereasen manotonieally fo saturatinn with
inerease in N or has a maxinum, We preve that R vee. N haa a mnximum,
and we find 1t.

Initially, let us give a aimple, intultyive rxplanatlon, With
increase in N = T/at, the linear dimension At of the photon atorage
device decrcases, 1.0., at » 0 as N » =, If the finltc cnersy 1%
of & mersage 18 taken into conslderatlon, l.e., there 18 a finitg
number of photons entering the recelver, a deerease in the alze At
of the storage device should causc a decrease in number of photons
which can be stored. While still at finite values, the number of
storage devices N approaches the state, when a total of only one
photon reaches one storage device. The stored image in this limit-
ing case will be a nolse plcture (R = 0). This fact is well-known
in optics [46, p. 148). Consequently, there should exist a maxi- /92
mum R as N + «. We proceed to formalization of this relatlon.

We consider that, at N = const, the signal-noise ratio changes
from reading to r=ading, in the range 0 >q,  >dgs where k =
1’ 2’ L ] L] L] Nl

We number the readings

e by subscript k, in order of

fﬁf b decrease in the signal-noise
ki e ratio, and we introduce the
Y discrete, monotonically

! deereasing function ¢ (k),

i to take account of this

.
s JW}. , {!l..“Am drop (Fig. 2.9):
thf l \I £hin } l o -
L l | - LLI‘._ ,,.-}..[J_Ll_u_z.,. o DR, Ozl (2,42)

Ay . A A hoh

, Substituting (2.42) 1in
®g. 2.9 Calculation of amount formula (2.40), we obtain
of information

v
T VTR Y7
LY ] % I 2.

-l "thx (2.43)

As N += and At +0, the number of photons summed by the storage
device at rate At decreases., Thls causes a decrease in the signhal-
noise ratio: qs(N) +0 ags N +» =,

Therefore, with increase in N, we always reach number of
measurements N = Ne, for which the following equation will hold true

BV IPN) (2.44)

Further increase in N > N will cause displacement of intersection
point Ne of curve qS(N)ﬁ(ﬁ) with the threshold PRI in the direc-
tion of®lower subscPipts, because of the drop in bglue of qS(N), as
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18 shown in P1g, 2,91 ¢q(NYe(N ) » app.0 Nopo& Neo

At the outlet of a recelver contalping N»N. stopape devicen,
in accordance with (2,43), the amount of Informntion
N

. i
N XMHH q'.'w"lﬂfa')l v logy BtV (k)

-
= "ehr V., “hr (2 15)

Readings m,, with subseripts k » Ngy have n signale=noise ratio /94

below tho %Erenhold. Tn a manney of upeaking, these readingn are e

"dprowned" in nolse, and thoy glve zero information of the ohjeet.
Therefore, the sum on the right ¢n expresplon (2.4%) cqualn rero,
1.4y

“‘t A'
R }J g M 0w, bits, (2.46)

B ehy
its, where N1 & N..

Formula (2.46) shows the increvasc in R with increase in N to
Ne and the subsequent drop with increase in N »>N_, because of loss
of readings myk with subscripts

N L l-'\'r_ ' .\:

in the noise. This proves the exlstence »f a maximum R, with some
optimum number of storage devices N = Nopt:

N
Pt (N

max K }j leagsy ,.f".i,.‘..}o.p.‘ttp(/.-). bits. (2.47)
g

hr

The optimum number of storage devices 1n the roceiver N0 t
coincides, in the first approximation, with N (N, . ~ N ), 178!,
there 1s a solution of equation (2.ull). P &

What has been sald permits formulation of a more general posi-
tior: (theorem) [39]: Optimum reception of contlnuous message £(t),
with finite energy E, and an unknown correlation function, on a
background of whilte ﬁoise provides for extractlon of the maxlmum
amount of information (2.57) by a finite number N storage devices.
The maximum information of object being studied e?8Y 1s contalned
in its quantized representation, which is represented by NO -

pt
dimensional vector ‘ _
M A A A
™, = """. '"ﬂlu-. "ll vopl"

or the sum

N

2} n

m, () S:pm,,, o kAN,
Ko

Whe!‘e i = O, 1, 2, . . [ M - 1.

(2.48)
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Quantized repregentation m, (t) should enter the negolyap of
l the recelver, However, there afe great difficulties 1n areating
: : 1t for continnous mespagas, The firat and perhapa prinelpal

i , d1fflanulty conatatr of fthe requirement of exfremely high memory
[ | eapacity, on the order of (see seotion 2,2) M = 2MAXH pign,

Thevefore, there 1n nothing else to do bhut to plan the optlmum
recaiver of continuous optienl lmagen without n ronolvep, norpowing
1 the purpose of the roeelvor to delivery of a quantized representa=-
: tion M, (t) of theo objeet to tho visual analyzoer,  The huninn bealn
? 18 enpﬁble of performing the funcetlon of revolver. Tt 1o ovident
| that, asouming the absence of nolse, quantized representution (2.48)94
: should accurately represent continucuy mesaage £(t). let up test

this, We substitute with the quantized values of coeffielents in
sum (2.48)

LAY
A " AL '
R UL
Y]
where Os. l/: T

1s the spacing of the quantized noise amplitude.

After substitutions, we obtain

J\'

F o R i o

Hig () o g i(t "":}‘” M -t-\l_t- ‘ RIUKIA (2.49)
- th-has

We find the limit of sum (2.49) in the hypothetical case of g
decrease in spectral density of the white noise power, when the
condition Sn + 0 1s satlsfled, so that 8 = const At. In this case

LE-—-RANVAT

l?'hh"_-“”"ﬁ"""‘-- ~-const § (¢ — 1),

where 6(t) 1s the Dirac function, and the current discrete coordi-
nate kit has changed into continuous tk' .

It follows from equation (2.44) that N

g T ™ Aas Sn + 0 (i1.e.,
+ w),

p

g Umax
| Then, the limit of sum (2.49)

A ”
!lflt'_ll"'f ) conslﬁ\ SUDSU -t cond § ),

As should have been expected, an infinite increase in number
N of recelver storage devices permits continuous messaage £ (t)
: tSPBe precisely reproduced, only ln the hypothetical case of come
: plete ellminatlion of nolse. In real cases of the presence of noise,
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conatruetion of only dlaerete optimum receivers of continuous
messages la pogsibley they plve only quantized (digltal) repre-
aentntlon (2,48) at the outlet,

The peneral eare formnlatied above, of pepregentatlon of n
zontinuous message an a backeround of white nolac by nn opfimam
rogeiver, in form of N «dimennlonal veetor (2,88), eoncornn
aolutlion of a key prnbfﬂh in communications theory, whieh connlutn
of finding a method of voplaeing nll olpnnly by veetorn of finite
dimenaions [3, p. 298). We have in mind all oignolo, Ineluding
continuous finlte funetlonn. An approximote poppenentnation of' o
finlte, determinate funetlon by a veetor of o finlte number of
dimonslona upually 1o sought, by the criterlon of smallneusn of
energy losses (3, p. 3141, Nopt—dimennlonal veetor (2. 0h8) providen
a repregentatlon of o random, Bgntinuuuu messafge, on a backpround of
white noise, by the erlterion of the maximum oxtractable lnforma-
tion. "The number N_ . characterizes the mauximum possible number of
measurement s (readiﬂﬁﬁ) of a continuous messapge which can be made,/95
with allowance f'or the offcet of nolse. Efforts to lncrcunce the
number of measurements N > N only deercases the amount of extract-
able information. ''his reprgﬁgntation permits an answer to the
question of how continuous messapges differ from dlserete ones. Tel
a message be discretc and represented by a N_=dlmenslonal vector.

The optimum reception of the discrete messag@ is characterlized hy

the possibility of changing from conditions of strongly distorted
reception N_ >N (degeneration of the message vector) to a con=
ditlon of pgactfgglly undistorted reception N, £ N0 £ by increase
in the signal-nolse ratio. If the number of gptimuﬁ readings N
1s greater than the dimensionality of vector N (the number of
degrees of freedom of the message), informatioft will be contained
at the receiver outlet, from which a concluslon can be drawn as to
the discrete nature of the message. In distinction from dilscrete }
reception of a continuous message, which can be represented by a
vector of an infinite number of dimensions, 1t always takes place,
under conditions of "degeneration" of the dimensionality of the
vector (i.e., Nopt < @),

However, representation of a continuous message 1s theoreti=
cally possible, by a vector of a finite number of dimensions, the
dimensionality of which equals the number N, quanta (photons) con-
talned in the light flux accumulated by the receiver. In optimum
reception with any N , "degeneration" of the N =-dimensional
vector will always tgﬂg place, since the number 8f photons in one
measurement.(in one storage device) should be greater than one:

N¢/Nopt > Qg > 1

opt

Replacement of an N,~dlmenslonal vector by a continuous function
goes unnoticed by an op%imum receiver, because of the limiting
effect of nolse.
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. Bringing Into beling the optimum reariyep digeussed 1n thia

' geotion rupg Into d1ffleultiop, W™rat of 411, 1t 18 AIPM1oult tn
bulld a mopatoe of atorage devicea (matehing t'1Lltern) having rectone-
gular pulgos and Aamplitude=Frequenoy characteriatie (2,38), In
televislon, the ptorape devices have amplitude-~frequenay ohapactore
iateries of a glven shapo, whioh ave approximoted well by the funetion

e s (2.50)
") B

whore Fae 10 the width of the curve at the 0.5 lovel, l.e., K(FO =)
= 0.5, aﬁd o 1o a conntant. o

Anothor difflculty 1s finding the optimum number N_ ., of
storage devicon. Lquation (2.84) and formula (2.47) givgpk posterlori :
estlmates of N . and R. Yhls means that a number of storage device ;
mosales, wilth kaferent numbers of storage devices, must be buillt and 1
N t munt be found a posterlorl from max R, An a prilori estimate of
tRR optimum number of storapge devices 1s desirable, even though
approximate.

We flind a prioril upper catimates of NO . and max R for the case,
when the amplitude=frequency characteristic Bk the storapge devices 1
K(f) 1s known a priori, for example (2.50), Ior this, we resort to /96
formula (2.47), and we introduce a generalized frequency: £ = k/2T
Afk = AR/27, where Ak = 1.

We give an upper estimate of sum (2.47), by means of the inte=-
gral

A

t Fy
loge =% DAk« 27 | log 25 K,
ﬁ “%hr Aat< b’ B 7thr el (2.51)

where Fs 1s the solutlon of the equation
qsi\'("‘s) ::%hrl (2-52)
Inequallty (2.51) desighates the presence of an a priori upper

estimate R$ of the maximum amount of inf'ormation max R at the recei-
ver outlet™

. (
R =T | logy =5 ——df, bits, (2.53)

in which RS >max R.

An egtimate of the upper R, 18 calculated from functlon goK(f),
which can be called the frequency (spectral) signal-noise ratio®from )
the threshold slgnalenolse ratio q h and interval T. These quantie-
ties should be known a priori. Thg Intersection of the frequency
slgnal=-nolse ratio with the threshold valuc, 1n accordance with the
equation (2.52), determines the band of those frequenciles F,, which
can be measured above the nolse and, consequently, give useful infor-
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mat on  about the object., Therefore, be gall the fregquency band

Fa, determined from equation (2.52), the information band. The
1§tcgral cotimate of the exceas of the Prequency signalenoise ratio
aver the threshold 1n the information frequency band 18 the infor-
mation characteristie Ro/T meagured In binary units per unit Intuerval
T (1.e., per second or per millimeter) (Fig. 2.10). A similarity in
easlly notod between equation (2.52) and the quantity Bo/T from
formula (2.53) and cquatlon (2.34) and quantity (2.3%), of the &
eniropy caleulation by an equllibrium random funetion. The apeclifics
of quantity RS are that 1t cmerpes as the upper estimate af the
amount of infdrmation on 4 nonequilibrium continuous message contaln-
ed 1in the sum of 1t with the white noise.

ﬂw

) % 7

Fig. 2.10 Upper estimate of
amount of information

The concept of iInformation
frequency band F, flows from the
method of calculgtion of ¢ entropy
by Kolmogorov (sectlon 2.4), in the
event equality (2.41) holds true.l
This concept can be reached, &as a
result of a very simple consldera-
tion of the effect of noise in the
scheme of measurement of the 297
amplitude-~frequency characteristics
of the low-frequency filters (Fig.
2,11)[47]. The amplitude of the
test sinusolds

[ :- sin 2aft 4 A,

pas:ing through filter K(f) equals AK(f).

Theoretically, it always

13 measured on a background of noise with power

[agii-

;!.sr.nz:m A, L7d)

2]
I

Mg. 2.11 Diagram of
amplitude-frequency character-
igstic measurement in the
presence of nolse

the sinusold amplitude tou the effective nolse value

Pa = [Su KM D
[}

Because of the noise, the
process of measurement of the ampli-
tude sinusoids is probabllistic.

The measurement results estlmate

the trend of the amplitude-frequency

curves K(f), within a given confi-

dence interval, whlch depends on

the signal=-noise ratio (Flg. 2.12).

At zero frequency f., the ratio of
Qs quite high:

lpquality (2.41) specifies that the model with a limited
spectrum in work [5) should be understood by the wordas "not too"

small an error in representation of a continuous message.

It should

he noted that earlier efforts to specify these words resulted in
use of ihe frequency band which is equivalent in power (effective)

F, (48, pp. 4, 111, 143].
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e i,

Qq = AKCP/VTTW WALh fnevenne In foequeney £ > 0o, the signnl-
notse ratlo  dropa aecording to the q K, ('Y rule, fhono Ry (r) =
K(PY/ZK(O) 1o the standardlzed value ofStHe mnp 1 tudesProqueney
charnetoeriatla,
Radlly
fl'a, AL Troquency 0= W, Lhe
*\ almunl=nod e ratlo voaeches Ghoe
" , GMen, a10),

H

* throephold valae .
" '?;.G?) holds tirue:

. Al whiel equntlon
i e

- Dk (Pg) = dag,..
I"}%yﬂ The mp i fude o stnusolds with

¢ DR A A froquencles £ 21, not only cannot
Mg, 2.12 Result of measurce- be measured, butPnlmply cannot be
ment of amplitude=frogquency detected on Lhe backpround of noloso.
characteristices he fInal Intormatlion {'roquoncy

band F,, with which transmlssion of

Informatlon at n glven noise 1s connuctﬁd, 18 detormined f'rom ¢oti=
ditions (2.52), which we rewritce In the form KH(Wq) = AKP’ whore
Mp = g/, ‘

Interpreting AK, as the conf'ldence integral of measurement at/98
a glven probabllity P »>0.5, it can be sald that, outslde the Infor-
mation frequency I',, there 1s a probabllity P > 0.5 of measurement
of a zero value of“the K(f) characteristic of a fllter (Mg, 2.12).

The importance of determination of' the information frequency
band I, ls dependent on the fact that 1t shows the sense in which
thelimit;d nature of the frequency band can corrcctly be spoken of,
for filters whlich can be physically crecated and ffor real continuous
messages. We establish the connectlon hetween thoe correctly de-
termined value of I, and the conventlonal frequency band wldely uscd
in practice, for eximple, Iy - or F_,. l'rom equation (2.52), we
have for the filter chnract&ﬁ?stic 8} the type (2.50)

.

. [y ‘l. 1

I ﬁmsl//uj__ I, (2.50)
thr

Formula (2.54) shows that the diffevence in the values 1!, and I
depends on the signal-=noise ratio and on the degrec a ofYdecreada’in
the amplltude=~frequency characteristle, 1If g = 140 U hype and o = 8,
FS v 1.8 FO X .

Formula (2.54) permits 1t to be concluded that, itn multilink
gystema, with «a >8 and signal-nolse ratio 2q,,., < g S 100 Quvns
the conventional frequency band F, . used 1n Bpﬁctlcb can be EH5 firat
approximation to the value of the idformation frequency band FS'

We transform formula (2.53) to the form

Ry 2T K|l " f\RJ. bits. (2.5%)
thy
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Loy _
whepe ARy 0. \ [lense ¥ (fi] off,

Tt 1s evident from formula (2.5R) that the quantity N, = 271,
sorves as an a priort upper eatimate of the number N of Peocelveh
atorage devlces or, which ta the aame, the nunber ofoﬁgaauremonhu.
The quantity AR, estimates the loas In amount of intormation in one
measurement, be%auae of a dearease in amplltude=frequency character=-
1stles of the fllter., We note that the expreasion for AR, colneldes
with the ostimate of entropy loss in the fllter, expressed 1n theorem
14 of Shannon [6, p. 301), but, in distinctlon from 1t, 1t was
obtained for fllters whiech do not dlsrupt the Pnley=Viner conditlon,

Formulas {2.52) and (?2.53) give the desired a priori upper
estimates of N, and R, of the quantities N and max R for the case
of a priori amplitude=Irequency characterigeﬁcs of the type, for
example, of (2.50).

The upper estimates obtalned of Ng and Rgq permit reformulation
of the basic assumption set forth above™in the'followling manner:
The optimum recelver, maximizing the amount of 1nformation, because
of nolse, is capable of carrying out only a finite number of measure-
ments of a continuous message, no greater than 21F,, which follows /99
with intervals Ats, determined by the information ?requency band FS:

Jll l 3
Ay xy wET (2.56)
The amount of information which can be extracted in thls case does
not exceed the quantity R., calculated from formula (2.55), and the
resulting quuntizedimage%an be represented by series (2.48)

i N OIS

A 5 A
() - - }d Mg (t—RAL). (2.57)
ko

The basic assumption formulated, sum (2.57) and formula (2.55) were
obtained for the case of a nonsingular model of a contlnuous message,
develcped 1n the works of Kolmogorov and Viner, with noise taken into
account. We recall that the theorem of XKotel'nikov, his serles
(2.19) and the formula of Shannon (2.27) were obtained for a singular
model of a continuous message (singular functions). We compare the
tormulated assumption, sum (2.57) and formula "2.55) with the theorem
of Kotel'nikov, his series (2.19) and the formula of Shannon (2.27).
The comparison shows that the theorem of Kotel'nikov and the formula
of Shannon preserve their meaning, with rejection of the gingularity
of the functlon, because the noise produces limited information
frequency bands. By simple substitutlon of the limited band F of

the singular function by the information frequency band Fq, we can
change from formulas (2.20) and (2.27) to formulas (2.56) 'and (2.55).
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However, the change from seprlea (2.19) of Kotel'nikov to aum (2.R7)
involves more serious changes. 8um (2.57) does not sntiafy the
requirement of precilse representation of the funetion recelved, 1n
distinetion from fthe neries of Kotel'nikov (2.19), but it fulfilis
the requirement of maximization of the amount of recelvable infor-
mation. In connection with this, clarity 1in seleetlon of unit
vectors and simpllcity of caleculation of the expansion coefflcients
(readouts) are lost. Readouts 1in sum (2.57) do not equal the in-
stantaneous values of the function at points kAtg, but "eclustera"

of enerpgy E _, accumulated 1in interval Ats, of thé function perceived
are detecteg.

2.5 Potential Resolutiog

The maximum number of readouts (measurements) made by the
optimum recelver of continuous messages depends on the energy stored,
From thils point of view, the potential resclution is an impor-
tant receiver characteristic.

Depending on the a priori information, the potential resolution
can have different definitions, according to different features
(criteria) and, correspondingly, different methods of calculation.
We wlll classify two definitions of potential resolutlon (two
methods of calculation, correspondingly) [49].

1. Definltion of potential resolution with /100
a priorl known pulse shapes, from pulse differences =
on the noilse background (for example, in widths);

2. Definition of potential resolution wlth
a priorl unknown pulse shape, by so-called Rayleigh or
classical characteristics (eriteria) of resolution,
the presence of a dip in the output response.

The method of calculation of potential resolutilon of two
pulses of a priorl known shape has been developed 1n work [50], as
a generalization of the statistical problem of detection., It has
already been noted in section 2.3 that optimum reception of the
simplest message, of a pulse (in Carteslan coordinates of a spot on
a uniform background) can be accomplished with an a priori known
position of it, by means of a single matched fllter (storage device).

We complicate the message somewhat: Let it colncide with either
one unit vector or with two neighboring ones, 1.e.,

M) Ag- RO S Agl -k - DAY, (2.58)
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T The positions of the pulaes,
o 1.e., the values k and k + 1 are
b IT1 known a prlori. Then, the aet of
" - possibhle messages constiat of four
' messages, and 1t 1r represented in
c' o Fig. 2.13. TFor the optimum recep~
Sl tion of a messape (formula 2,58)
q —e on a background of nolse, 1t 1s
P *”l . sufficlent to have a storape devlce
consisting of two matehed fllters,
The cholce of one of four messages
Fig. 2.13 8Set of poasible can be made, by means of a signal
messages: &) no message; limiter at the filter outlets,
b) message coincides with according to the threshold level
k=th unit vector; c¢) message established by a previously desig-
coinecides with (k+l)~th nated probabllity of a false alarm
unit vector; d) message (the Neumann-Pearson criterion is
c¢oincides with both unit used). Then, the probability of
veetors detection of a pulse 1s determined

by the signal-=nolse ratio
¢ BN,

where E, 1s the energy of one pulse and S is the spectral density
of the fiolse power.

To establish the presence of two pulses, 1.e., to resolve two
pulses, is possible in this case, when there 18 no dip between the
two pulses, even in the input signal (Flg. 2.13d). Of course, what
has been sald holds true for message (2.58), when argument t is
substituted by Cartesian coordinates (x, y), 1.e., for the task of
resolution of two adjJacent squares (without a dip), on a background
of uniform brightness. The possibility of such resolution is easy
to test visually. The eye, knowing the width of one square (or line),
establishes the fact of the presence of two squares by change in

wildth. The visual analyzer resolves not only two adjacent lines /101

from one, but two overlapping lines. Knowing a prlorl that the
lines have the dimensions shown in Fig. 2.18a, it can be seen imme=-
diately that two lines overlapping one another are represented in
Big 2 lﬂb, as is explained in Pig. 2.1lec.

The simple considerations pre-
gsented on the differences in two
‘ overlapping lines (pulses) have been

ik formalized in a method of calculation
Fig. 2.14 Resolution of two of the potential resolution
overlapping lines by increment developed in work [50, p. 319].
in width (area) The initial assumptions of this
method are the following. A signal

enters the recelver inlet, in the form of two overlapping finite
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pulees  on a background of whilte nolge’ Ag(t) + Ag(te 1) + n(t),
where A 18 ©he pulge amplitude and t© 18 the dlatance hetween pulae
conters, no greater than the pulse duration At.

The shape of pulses g(t) and thelr possible positions (1.e., the
value t = 0 and 1) are known & priori. Their amplitudes and the fact
of the presence of pu.aes are unknown, In accordance with the theory
of the optimum receiver, one message of four posslble ones might be
selected, 1.e., two bits of informatlion must be obtalned., The
specifics of such a receiver depend on the fact that the pulses are
not orthogonal, i.e., they overlap, Therefore, two filters,
matched only with each of the pulses separately, cannot be used.
Matehing must also take account of the degree of overlap of the
pulses,

Correspondingly, the mutual energy of the two pulses 1s!

f(v) .'|-'.\.):U);.:(I edl, By oA \'g-‘(l)ih‘ I
0

[}

The degree of overlap, or correlation, of the two pulses is
estimated by the correlation funct}on. more precisely, the autocorre=-
lation function, | Xuﬂhﬂf-thu

$(r ﬂf"*" n e —— (2.59)
‘.;:‘-‘ {t) s
since the pulses are identical. A

The autocorrelation function 1s even, v(t) = y(=1).

Examples of finite pulses and thelr autocorrelation functions /102

are given in Fig. 2.15. The following are numerical characteristilcs
of function (1)

1. Function width at zero level w(ro) = 0,

For finite pulses with duration At, we have
tha = At. It 13 evident that pulses shifted by
igterval At are orthogonal.

2. Equivalent width of [{unction
1
Tor \‘ Pr{t)dt, Tt
[}

It was shown in work [50] that the optimum receiver must con=-
tain two filters, matched, not simply to each of the pulses, but wlth
conslderation taken of the autocorrelation function ¢(t) [50, v. 312].
The probability of correct detection of a pulse P at the outlet of
each of the matching filters, with a glven probabgfity of a false

1the assumption of equallty of the pulses simplifies the calcu=-
lation method.
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q)
) ] "”"I s A .
;po ! |&|u ol (PL60)
Al cdf 4ty &7 Naving C1xod the detecetlon /103

alarm, will then be the monotonie
funetion:

probabllity P)O = conit, we obhtain

an equation rBY calewlation of the i

regolution Interval g, from equation :

(2.60) [50) !
2

s 11 W0l deney  (2.61)

whoroe q2 " 18 a quantlty dependent

on the filen detection probability
]

W ]pO'

¥ehr Solution of equation (2.61)

permits the resolution 1nterval-1p

to be found, l.e., the smallest

shift between pulses, at whlch the

Aty ¥ [ recelver can still make a decision

Fig. 2.15 Finite pulses and on the presence of two pulses on

) the nolse background. The quantity
their autocorrelation functions 1/Tp 1s a measure of the resolu~
tion limited by nolse, which can be’called the potentialf 1f the

49

definition of Kotel'nikov of potentlal value 1s followed p. 10].

The equation of the potential resolving power (2.61) has a very
gimple explanation. The output signal from two overlapping pulses
always differs from the output signal from one pulse, The difference
in these two signals depsnds on the extent of dilvergence of the
pulses. At the output ¢ an optimum receiver, the energy of the
difference output signal

AEQ) Bl ol

It 1s evident that

’f| at Ad,

LY A
AU I —

Consequently, the expression on the left in equation (2.61) can
be consldered as the maximum ratio of the peak difference signal
power to the white nolse power at the outlet of a FPilter, matched

1plthough the change from function (2.60) to equation (2.61)
and interpretationof this equation is not dlrectly present in work
[50), this appears to be evident.
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with the dlfference algnal., With a given deteatlon probabhllity

P o ™ eonst, upually greater than 0.5, this algnal-nolae ratio muat
bB”equal to the threshold ratio q (depending on the exceas of T a
over 0,5), which expresses the maEngmaticﬁl recording in egquation p
(2.61)., The interpretation of the reaolution interval 1, a/s the
width of the autocorrelation funection flows from equuti&n (2.061).
For this, we rewprite it In the form

. ./ | ‘l"l
TUVTIN D (2.62)

Equation (2.62) shows that the resolution interval 1, is equivalent
to the width of autocorrelation function y¢(t) of the input pulse,
which can be reckoned from the threshold level (Fig. 2.16): Yepp ™

) U~ Wi ) where gf - i%i 18 the output signal-noise ratio of one
pulse. "

It becomes evident from equation (2.62) that the width of the /104
autocorrelation function 1s a measure of the potential resolution,
however, not thf equivalent width tg, but the wildth Tp from the
threshold level-:

To illustrate this conclusion more graphically, we assign a
apecifie form of the autocorrelation function. Examples of functilon
¢(t) are gilven in Flg. 2.15. For a rectangular pulse, we have

P L . AT 5
§ ; b (2.63)

where |t| < At.

Applied to two overlapping rectangular pulses, shifted by 1, g
difference At - |t| characte~izes the change in width, in comparison
of a double pulse with one known a priori. Therefore, the quantity
{2.63) has obviocus meaning as a measure of the relative change in
width. In accordance with equation (2.62), for resolution of two
overlapping rectangular pulses, a relative change in wldth must |
exceed the threshold value Vepp®

Substituting (2.63) in equation (2.62), we obtain the width of
the function from the threshold level

Ahu
TP%-M%Pr. (2.64)
1-

~ ;]

1An estimate of resolution by the equivalent t
preserved up to the present time ([52, p. 205].

) [51, P 119] 13

R, - iisonliionoins Sl Ot
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In the peneral casm, even funetion y(r) oan he expanded 1n a Maglaurin
aerles and be 1imited by the firat two tepma:

URERIE "' P e, (7. 6R)

Substituting (2,66) 1in equattion (2.62), we obtain?

"

\ " thr. . A
o -

IR

-~

(2.0606)

The solutions of equations (2.64), {2.66) and (2,62) demonstrate
graphlcally that, with a gilven pulse width At, the value of the

resolution interval Tp decreases monotonically with increase in signal-
current ratilo QEI/Sn

' It follo!s from equatlon (2.62) that, in the presence of nolse
(S, > 0 and qf, . > 1), the increase in energy i, of the pulse permits
an unlimited Eﬁbrease in the potential resolutl&n, 1ie.,

hinep 0 oy Hm.‘..',. o,
by o Lyva 1,

The absence of a limit to increase in potential resolution 4.05
1s an important singularity in definition of this concept [50],

dependent on the presence of much a priori information.
R
- A method of calculation of the
potential resclution was developed
in work [50]), for application to radar.
dr 1 It i1s obvious that i1ts use *n television

is possible, if the initial requirements
for a priorl information are satisfied.

For example, measurement of the shift of

a spot or line, the shape of which usue

! ally 1s known a priori, can be made in

Fig. 2,16 Two-line Foucault globe & television system, by the criterion of
and its autocorrelation function detection of a difference signal.

The minimum value of the shift, 15, 18 calculated from equation (2.62).
It is of interest to apply the meghod of Hellstrom [50] to resolutionof
a lined Foucault globe, by which resolving power usually 1s measured
in television (see section 1.5)., The 1ines in the Foucault globe

(Fig. 2.16) refer to orthogonal pulses, since y(At) = 0 and, what is
more, w(t = 2At) = 0. FPFrom the point of view of the Hellstrom method,
resolution of the Foucault globe degenérates into a slmple problem

1Formula (2.66) coincides with the Woodward formula for dia=-
persion of errors in measurement of coordinates (51, p. 107).
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in detectlon of eash line separately. The signal at the outlet of
a fllter matehed with one pulse (1ine) 1a shown in Mg, 2,16, Tt 1n
eyldent that the amplitude of the dip 4in the output slgnal equnlas
the pulse amplitude. The probahility of deteatlon of the dip 1o
defined by the slgnal-notre ratlo 2F /8y The patentinl regolue
tion 1/1a, or the dintance between %he centern of the 1inen
; T2 = 2At, undepr conditions of threshold deteetion of a dip, 18 onl-
- ; eulated by the formula
‘ B 2ANAYg ‘
5, N ' dthr, (2.6%)
S

Tt 1s evident that expreasion (2,.67) 1s a particular form of
equation (2.61), at ¢*(1) = 0. When the matching fllter serves ag
& photon storage device, taking (2,16) and (1.1) into conslderation,
it can be written that the ratio

JEYS - PN aARBTRS

Substituting thls expression in (2.67), we citain the well=-known
formula of Rose [8, 53)]:

aNEBUR Glpe (2.68)

.

Obtaining the Rose formula as a part of the more general /106
equation (2.61) makes the fact evident that calculations of the limit-
| Ing resolving power [53] holds true only for filters matched with an
i : a prioril known shape of the lines in the measuring globe.

We proceed to examination of the concept of potential resolving

: power, based on the classical Rayleigh criterion of resolution and to
= : stating a method for calculating it. The classical definition of
. ' resolving power arose on the basis of formalization of the process of
decoding optical images and distinguishing fine details in them, by
means of a television svstem. The presence of quite a large amount
of a priorl semantic information Is inherent in the process of obser-
vation of complex obJects, by means of a man decoding recelved tele-
vislon photos (images). However, there is no a priorl nonsemantic
; information on the shape of the object, generally speaking. There is
no & priorl information on the shape of fine details of objects being
distinguished. In connection with this, the classlcal criterion of
the presence of a dip in the output signal becomes important.

B T

A visual laboratory estimate of resolving power of a television
device assumes multiple repetition of measurements, for the purposc
of finding the average value of the resolullon and the error in
; measurement. In the inltial phase of the measurement process, the
observer can acqulre information on the shape of single lines. This
Information can be used as a priori, in the course of subsequent
measurementa. Consequently, the obszerver can measure the resolution
of two lines, having a priori information on the shape of single
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lineg avallable, 1,e,, he ean upe a nonclapaical indleatian of
reanlution, Aetually, experlence eontirms the poapgibility of A
gorrect peaponge of an abgevver to the prenence of two linea and, 1in
those cases when he does not find a dip between the 1linen, hut
guesser at the .presenca of two lines from the width of the imapge of
the plobe, Howaever, the method of meapurement of' pesplutlon of
a telievision (or photographic) deviee prevents the obaerver f'vom
making a deainlon en the presence of two linesn 1n the ahaenee of a
AAp in the image of the plobe, The requirement for resolving two
lines only by the classlesl churacteriatie of deteetion of a dip 1n
reported to the observer In hig instruction before moking measuroments,
Thias requirement reflcets the of'fort to approximate neamurcement of
regsolving power to actual condiltions of intorpretation of television
photos, to conditionn in which 1t 1s difficult to obtain complete

a priorl information on the shapes of detalls being distinguished.

It 1s clear that, with any pulse (line) shape, if only each of
the pulses has one peak, the presence of a dip in the output sighal
(change in sign of the second derivative of the signal) is an un-
ambiguous indication of the presence of two pulses.

The effect of linear distortlons of a filter on pulse trans- /107

mission was reflected as early as the work of Nyquist in 1928 [54].

We 1llustrate this effect by means of an oscillogram. A double
pulse entering the inlet of a low~frequency filter is shown in Fig.
2.17a. The dlstance between pulse peaks equals double the pulse
width (t = 24At), as in the Foucault globe. The amplitude-frequency
characteristic k(f) of the filter satisfies the Paley-Viner condi-
tion, and it has a frequency band equivalent in area

Pt -j'K hdy..
[}

The amplitude-frequency distortions
of the filter cause a decrease in pulse
amplitude and broadening of it (Fig.
2.17b)}., This type of distortion depends
on the ratlio between pulse length and
the equivalent frequency band. The
condition of "undistorted" pulse trans=-
mission was formulated in work [54, pp.
Fig, 2,17 Effect of linerr 621, 622]): this undistorted nature
distortions of a filter on (proportionality) is understood to be
pulse reproduction the pulse amplituds, permitt gy dis-

tortlon of the pulse shapes. According
to the Nyqulst condltion, the area=equivalent frequency band and the
flat and subsequently decreasing amplitude-frequency characteristlic
of the filter should be equal [54, p. 662]t

1ag applied to telegraph transmission of a sequence of pulses
of different amplitudes, the quantity 1/4t is called "sipnalling
speed"” [54, p. 619].
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Candltlon (2.69), 1n the Ight of the lnten coneopt. of' Lapth
ol oomatehed P11Ger, ean b gongldeped neon cond it lon off Tneomp leto
matehing (quastuatehing of 0 M11tep with hndnpatpaldse, A bogponse,
which 1o elone to the autocorrotntlon funetlon proppencutoed Yy #ige,
2016, wlll be abnerved ot $he autipnt ol sueh o quastmatehod M1 1oy,
The vesponne wilt have almost o 1009 dlp betweon pulsen,  The
broesenee of a dip 1o ovidenco of puluae resolutlon.  lHowover, thin
docs not. mean that the condition of pulse resolution has beon
eatablluhoed, as 1t asgserted in work (3, p. 16), or that the oqulvig=
lent f'requency band I can be o numerlenl measure of regsolving,
powor,  In fact, the 8}p In response in a double pilse will be proe-
sont when thils conditlon (2.69) 1u violated. Tho responae at. 1/2A¢
> Iy 18 presentod An Mg, 2,17b. The situation bocomen ptill /108
more'}ndufinito, 10 1¢ 1y not dimited by a class of f1iter, with
nonotonleally decreasing amplltude=requeney charactoerlsties and, as
wlll happen in proactice, the possibllity of inceroaning these chapr-
acterlatics 2t high frequenciles g used., TInstead of two pulses
(Flg. 2.18a), we supply pulses without dips betwoeen them to the
input of such a filtepr (M1, 2.18b). The coneluston would seem to
be true that the pulses ard not resolved; however, the rlge in the
amplitude=-frequency characteristics of the filtep (Fig. 2.19) in
the high frequency region restores the dip in the response (Iig,
2.18¢). Asymmetrical dilstortions of pulse shapes and oscillations
are caused by the phase-frequency distortions of the fliter, which
arise in ralsing the characteristics at high frequencies,

Fig. 2.18 Restoratlion of dip between
pulses, by means of raising the amplitude=-
frequency characteristics of the filter:
a) 1nitlal double pulsej b) smoothed oute
put pulses} c¢) output pulscs with restored
dip.

The posslbility of. restorting a smoothed dip is evidence of
ambigulty of the classical indication of resolution, the presence
of a dip in the output response, 1t is caused by the faet that, 1in
the abgence of nolse, the effect of which was not taken into con-
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wadl B glderation 1n tho elnanten) defin) -

. | tlion of regolving power, 11 w i he

- poasasihle to peach the Reylotsy

“ aiffraation 1imit [9R] in any devlon,
= by neans of pestoripng the d1n.

e -

n Precine dofinition of the
oal alannton) Indleation of resolntion i
o, tnvolvens taking the 1imiting oot
ol of nofue Into consideration, Ovor-
ol lap of notse in a double puluse

4 manks the dip (Mg, 2.200) botween
L puldes, whieh fluctuates. 'Therefore,
L - ' ' the process of deteetion of a dip
ap 1 1 . . between pulscs 1s probabllistie.
e ————— g g Superimposltion of nolse on a double

pulse infllcts damage on the dip
Pig., 2,19 Amplitude-frequency between them, of only a partially

. restorable nature. When the dip
%eggggtg;;§§%g:r?fwiiitizcrease between pulses 1s masked by noise,
in o = K(f_ )/K(0) in highe an incerease in the characterissies
frequency Fgﬁion of high frequencies in the £ “er

only partislly restore-. 1% .i.g.
2,20). A further strengthening of the increase in b+ ~“hfiu-ierise- /109
tics only means that the dip is completely "drowned" :0 She nolse.

What has been said leads to a concept of potential resolving
power, which 1s estimated by the least distance between two pulses
(two=1liiie Fouczult globe), by the eriterion of threshold detection
2 dip on a background of noise. We will call this potential resolu-
tlon informatinnal, since it has a method of calculation, based
on spectral-informational representations (33, 49, 57-59].

We turn to the structural dia-
gram of Flg. 2.21. Two rectangular
pulses (an analog of the two=-line
Foucault globe) are distorted by
low=frequency filter K, () and,
summed with the white n&ise, which
has a spectural power density S_,
they pass through lowefrequency
filter Ka(r). The receiver should

”“ of I.I\ZT ﬁ'eceiv%r

{T whHite "~

nq se

Fig. 2,20 Effect of nolse on

h] r
restoration of dip between Fig. 2.21 Structural dlagram

pulses: a) smoothed output of calculation of potentia:
pulses; b) output pulses with regolutlon

restored dip
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record a state of threahold deteation of the dip between pulpes,
l.e., the utate of threahold pulae regolution, achleved at the leant
distance 1 between pulee peaks, fpom the nolsy  reaponse at
f11ter K, (M output, The fnforgation potential resnlution D = /110
1/ tnan =“L/2A00 4 o per, fuee (por., /um), We show that the upper esti-
mate of the pnéential resolving power D is the Infornation fraquency
hand FS of the filters,

(= S

power to nolse power Pn

A 4

’;ll "

9 o
Jmmmw

ds

Knowing a priori the frequency signal-nolse ratio q K. (f),

we fi?d he information frequency band of the filters frgﬁxeq ation
(2.52

4
q_‘fK;(Fs) "thi" (2-70) : f}
where KD, « Kuth Ka (.

We take the effect of the amplitude spectrum module of two %
rectilinear pulses into consideration '

' sin A .
() 2AAY “!':]J%\_,_'f_.’ cosng/, (2.71)

where A 1is pulse amplitude, At is the duration of one pulse, rt  equals
24t 18 the distance between the centers of two pulses,

The spectrum ¢,(f)/9,(0) is
shown in Fig, 2.22. It has 2eros
at frequencies 1/at, 2/8t, 3/at,
» « +y because of the fact that

N, the pulses have a rectangular
N shape. The presence of two pulses
4§ggszf::>‘=,‘L_ causes the appearance of a gosiny-
ra J 4 ! soldal termin spectrum (2.71),
¢ ¢ ¢ ¢ which, in turn, causes the pre-
22 Pulse signal apectrum: sence of the so-called doublet
1) one pulse; 2) two pulses Zeros at frequencies 1/2r, 3/2t,

5/2ry . . . .

At the output of filter K (f), on the background of noise, the
recelver can measure only finige sections of the spectrum 2 (FIK.(F),

including all frequencies up to the value Fe, which can be deterﬁined
from the equation (2,23):

b (r- Yo O
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It 18 eyldent from a comparle,/111
son of equationa (2,70) and (2,70)
that '
rer
Or b Y
Koo, (2.73)
where n; & 1 18 a cooffielent.

To reproduce the dip between

0oy T ; Lhe peaks of two pulses separated
oo ' ' by v, 1t 1is necossary (but not
Mg. 2.23 Fxplanontion of sufficlent) to reproduce the spoC-
calculation of potential tral component with frequency i/t
ragolutlon (F1g. 2,24). Consequently, the

following condition 1s satisfied
In potential resolution of the pulses (Mg, 2,23)

L5 (2.74)

where py 2 1 1s a coefficient.
1.

Substitution of (2.73) in (2.74)
glves the formula

I) I I"‘In

Fig. 2.24 FExplanation of P (2.75)
necessary condition for
resolution of two pulses where pip: L

formula (2.75) proves that the information frequency band FS is
an upper estimate of the potential resolyutilon D. 1inding

of coefficient uy/up in formula (2.75) 1s a more complicated task.

It 18 well-known from experience in television that the presencgll?
of a dip in the response between pulsee is connected with the high=- h
frequency portion of the response spectrum, of which the possibility
of restoration of the gap 1s evidence (Fig. 2.18). Direct instru-
mental measurement of the response spectrum and comparison of the
respongse shape and 1ts spectrogram show thuat the appearance of a dip
in the response is accompanied by the appearance of a hump on the
spectrogram, after the first doublet 0. The width of this hump,
measured by the receiver on the roige background, 1s limited by
frequencies P, and P , which are solutions of equation (2.72) (see
Fig. 2.23), fhe hypSthesis might be offered thab above-thmeahold
reproduction of the highefrequency portion of the response spectrum
at the output of filter K,(€), with a frequency range (F,., F ), is
equivalent to detection of & dlp in the response. We tage 1fito con-
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sideration that the amount of information, whi:h reaolution af

two pulses carries, cquala two bita. This asnertion ean be wriitten
in mathematical form, using formula (2,53). According to formula
(2.53), the amount of information in reception of the high-frequency
aeetion (Fo, Fe) of the speetrum 1n interval 1

min
o Co A
R(l’., ".) - 'l'mn “ lﬂﬂ| ""J"""]}""" ’\.;; (I) |”| hita, ( R 76 )
" .£'1 i (11)
(] 1L

The spectral-information conditions of potential resolution is
written in the form of the equality

2 s BB
h -J " AL h ' (2.77)
where F, and F. are solutions of equaticn (2.72), 4.e.,
dn(F, T
s l.':(ll) ) Ke(F)  depy (2.78)
LU L R
q.\ 'b;“:’ l\g("n' ‘ftﬁrp (2079)

The spectral-informational condition of potential resolution
(2.77) can be rewritten in shortened form:

. t

2 Rk F). BEE (2.80)
Ry, Fe) - RUEE)
where  K'(F, Fe —% 1. 18 the e entropy of the section of the
response spectrum, ®in
Formula (2.80) establishes the fact of equivalence of the po-

tential resolutlon and the ¢ entropy of the high-frequency

section (FO, Fe) of the response spectrum in two test pulses.

Three equations, (2.77), (2.78) and (2.79), form a system of
equatlons for three unknown quantities, D, F_ and F.. Solution of
the system of equations constitutes the cont&nt of ghe general method
of calculation of potential resolution D. A sufficiently
preclse solution of the equations can be obtalned by computer.l /11

There 1is practical interest in an approximate analytical solution.

Such a solution was carried out for the system in Fig. 2.71, with

the following approximations of the amplitude=frequency character=-
istics of the filters:

K‘(,) ) -_—*‘-—!n * 1]

. I| I': ".'1‘1
Kath l !
y ’ "I “1 f;>FS|

14 test of the correspondence of the values of the potential
resolving power, calculated by equations (2.77), (2.78) and (2.79),
with values obtained by visual evaluation of televizion imapes of
two=1line PFoucault globens, was carried out in work [60)], Coincidence
of the values confirmed the correctness of the calceulation method.
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e L

The noise power at the outlet of flltep Kg(f) 1s Py ™ 8,Fq #

b Sa | KEhdf = bS8, F, where b » 1,
!"_s,'

The 1nformatlion frequency band equation has the form

P T e w s rrm e—

()

 dehy,

where

With increase in the output signal-noise ratio dgs the value of
FS increases according to the rule

oy b
by ""-ﬂl/«rthr b (2.81)

Omitting the course of approximate solution of the equation,
we present the final result, in the form of an approximate formula
for calculatior of the coefficient

LYY NP IR DU
fig Ve ( s 0 ) (2.82)

at dg > CQppps where ¢ = 5,27 for a rectangular pulse shape.

If the output signal-noise ratio 1s high enough that /114

the condition q > e¢q is satisfied, by taking (2.82) into consid-
eration, formula (2.??5 is simplifiled:

e . (2.83)

Formula (2.83) proves the proportionality between the potential
resolution D and the information frequency band F, at sufficient-
ly high output signal-nolse ratios. This conelusion hgs important
practlical value. It turns out that, to find the potential resolu~-
tion in the first approximation, 1t is sufficient to solve the
information frequency band equation.

Information frequency band equation (2.70) is written for time
filters. Let us see what form thils equation takes for a directional
filter, which a television camera 1s. A television camera has direc=-
tional amplitude=-frequency characteristic % (v,s v,), determined
for directional frequencies in the line-scaggfng éiregtion vx,per./mm,
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and by frame v . Then, the frequency algnal-nolae ratio 1s defined
by the functiol

W Ky e Vo). (2.84)

We speclfy the definitlon of the signale-noise ratio o At the camern

output for a large detall, taking the effect of 11ne-§canning contragat
and denaity into account:

l‘; G ar kL, (2.85)
[4

".,

\'*,“ O
"l.\ vy  vhq, v at kT, (2.86)

where k = AB/B, 1s the light contrast of a large detall; 2v, = z/1
is the 1ine-scgnning density: «y 1s the steepness (contrast coeffig
cient) of the light curve, represented on the logarithmic scale;

Qs 1s the signal-nolse ratio of a large detail of the greatest
contrast (k »1), determined at standard line density g“zo’ from the
light curve and noilse power.

Expression (2.85) reflects the inversely proportional dependence
of the signal-nolse ratio on line density. Formula (2.86), besides
this dependence, takes the drop in video signal current of the camera
into consideration, which is proportional to the quantity vk at low
contrast (k < 1). Taking account of (2.84) and (2.86), eguation
(2.70), for a television camera, 1s written in the form

hy (”.1. A dn(B.p 1) Jew Kdit‘\."‘ o Vi ,,) dthk‘. (2. 87 )

v,

where k 1s the test pattern contrast.

Equation (2.87) connects the single functional dependence of /115
the contrast k, background 1llumination B (exposure B.T is included
in the quantities y and qy through the light characterfstic), with
information directional frequency band (vg., Ve.) or, which also 1is
in the first approximation, according to %5.83§¥ with the dimensions
of a resolvable detail AﬂSxAzsy = 1/ﬂvavSy.

The contrast k, background illumination B, and the area of a
resolvable element Aﬂs 8o s 1included i1n equatfon (2.87), are thresh~
old quantities, since §he gquation itself reflects threshold reso-
lution conditions, limited by noise. It is evident that, at constant
background illumination B,, the threshold contrast k, perceivable by
a television camera, 1ncr$ases with increase 1in area AL, AR of a
resolvable element, because of the decresse in directiogﬁl g%plitude-
frequency characteristics.

Equation (2.87) is the basic equation, which formalizes the
operation of a television camera as a receiver of light images.
Functions v(BT) and q,(BT), included in equation (2.87), can be
ohtained in form of lgght characteristic and nolse power calculation
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tables or curves. For solution of equation (2.87), the type of
directlonal amplitude~frequency characterlatiec must be made apecifia.
In television, the most wideapread method of measurement of resolun
t.1on by the lined Foucault globe, the 1lines of which are located
perpendicular to the rows and have a larger size in this direction,
corresponding to the dimensions of a large detail. TIn this partial
case, the directional amplitude=frequency characteristic degenerates
into a unidimensional characteriatic Kdir(“x vy) = Kx(ux).

L

The more general case 1s resolution of fine detalls with small
dimenslons in two directions. Resolution of the squares of a small
checkerboard 'test pattern can serve as an example. In the first
approximation, for an isotropilc direcEional amplltude~frequency
characteristic, it can be assumed thatl K (ves v, )} = K (v )K (v}
= Ks(v), in which K, (v,) = K (v ) = K(v). 33F %" Y XXy

For determlnation of potentlal resolution along a line
from low-contrast lines, equation (2.87) has the form

IV G0 BpT) 32 Ko (vy) - gy (2.88)

&

To estimate the two-dimensional potential resolution v
in two directions, for example, by means of a low-contrast checkgr—
board test pattern, under conditions of isotropy, equation (2.87) /116
is written in the form

kv By do By T) 12 K3 (Vs ) = Gy 0 (2.89)

-]

in which Vgy = “Sy = vg and v, = vg. ?

The quantity v, is a numerical measure of the specific potential
definition of a telgvision image. It equals the maximum line density ‘
(v v_.), at which the maximum image definition 1s achieved, with 1
eqﬁal pﬁtential regolution along and across the lines :

(vgy = Vsy * vg) -

Equations (2.88) and (2.89) can be solved for any of three un-
knowns (k, B,, vgq), on the assumption of the other two being fixed.
For calculatlion ﬁf the potential resolutlon and speclfic defini-
tion, the equations must be solved for the information frequency band.
The sclution is easily obtained by using approximation (2.50):

IMore precisely and with the anisotrogy of the function taken :
Into conslderation, values lying between Kc(v) and K{(v)} can be f
given., .
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An amplitude-~frequency characteristic of the (2,90) type has an
equivalent frequency band

"™ (4]

'’ dv vy

N, ‘ eI TR IR
f '] & | l x']
ol i( "0,!’!)

i At o 2 2, the values of Ve and V0.5 differ by no more than n/2.

By substituting approximating function (2.90) in equation (2.89),
we obtain

!
Ry dov;a '""""-"/"\",'*""_-);"‘;‘; Gehe*

1-,, l H \."u.n )

By using the working section of the camera light characteristics,
the value of vg can be greater than, equal to or less than the value
of Vg .53 because of the decrease in detail contrast. In the partial
case, 'when Vg = V0.5 the equation 1s simplified:

]
Ry Qv gy %he. (2.91)

At adequate detail contrast values, when v§ » vg é' the units in the
t

: denominator can be disregarded and the equition nsformed to the
é form
";';'.‘n '
: kwmw~ﬁ;n-%r
; it (2.92)
? We find the solution of equation (2.89) from (2.92): /117
1
. T oo
vy Y, ({::%’;’r) at Vi, (2.93)

By substituting (2.90) in equation (2.88) and carrying out
similar transformations, we obtaln the formutla for calculation of the

potential resol of a television camera along a line, for
values of v v :
Sx ".70.5 |

: . Ry v qn\ &
; Vg, 77 ¥, (..i_.!.ﬁ—!.) .

'"thr (2.9“)
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Tt 18 eyvident that, for detormination of Vo by Tinen of the ppreateat
contPast (k = 1), with (2.8R) taken into ebfistdepation, the fo1low-
1ng caleulation formula holdn traeg

|
. v “
\'.t.\ ‘I},I ( \.:':; . f
tihw

We compare formulas (2.93) and (2.94), lor larpe values of «, the
valuesa of' v, and Vg wlll be elose Lo the conventional frequeney band
Vo gz HowoVen, 1n“§rnct1co, small valuen of a are posslble, lying in
tﬂégranme 2 s a < 3, PFor a numerieal cxample, we take the value o =
Then, at g, = 100 U hp and v, = v _o, the potential resolving power
along the Qine Vg ,'détermingd fréﬁ a globe of the greatest contraot,
will be 10 times“éreatcr than v, « AL the same values a = 2 and

qQy = 100 q,, , but with low confrdat, k = 0.2 and v, = vy s ¥ = 1,
wg obtain Ehé potentlal definition v,from formula (ﬁ.QR),'D‘“ 0,0 =
1.8 times greater than the value of ¥ ovorall. ''he oxample
Introduced again confirms that the cogﬁéntional frequency band Va5
or the Nyqulst cquivalent frequency band v, can be only the firn&‘)
approximation to the resolving power under speclflec conditions.

In concluding this scetlon, we brlefly summarize the pgencranl
outlines and differences in the methods examined of calculation of
the potential resolving power. In both methods, the potential reso-
lution of two pulses is determined by the threshold detection on a
noise background of one indication of resolution or another:
Detection of the relative increment in width or detectlion of a dip.
The difference in the resolution indicators 1s a consequence of the
difference 1n amount of a priori information. When the pulse shape
(for example, a rectangular pulsc) 1s known a priorl, the relatlve
change 1n response width can be used as an indlcator of resolution,
This indicatcr ceases to function, 1f the pulse shape 13 not known
a priori. Then, one must  change to the Rayleigh (classical) lndi-
cator of resolution.

A numerical estimate of the votential resolution is carried out,
according to the wldth of the autocorrelation functlon, or amplitude-
frequency characteristic, which are known a priori.

In both cases, the width ls calculated from one speclal read- /118

out level or the other, depeonding on the output slgnal-noisc ratio.
With inerease in the output signal-noige ratio, the potential resoll-
tlon Tnceronson monotonlically. fHowever, the limlt of inereasc
dit'fers, depending on the resolutlon indieator. ''me inercage in
potential resolving power by the Raylelph tndleator, as applted to
direction (i.e., D measured tn pertod/mm), has the Raylelph dife
fraction timit. A two=llne Foucault globe cannot be resolved, 1f the
distance between the line conteras i1s less than the wavelength of the
monehromatic Light 11luminating the globe,
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With the pulpe~shape known a priori, the increape Iin potentinl
resolui. lon hag no limit, Tt becomes poasible 1o resolve two
lines, shifted to n distance equal to fractions of the wnvvlﬁngtg of
lipght and to »a zero 1imit (with expeaditure of Infintte energy),

2,6 Optimum Televialon Camenrn

; The theory of recelving continuons mesanpgen atated permlts  doe
) terminatlon of an tdeal (optimum) rocetver of light enerpy in tele-
viagion, the optimum telovision cameran, whieh fopms an oleetrieal video

aignal, carrying the maximum amount of information on the optleal
image input.

The optimum camera contalns one energy storape device (matching
filter), only 1n the partlal case of tracking a spot of an a priori
known shape and position on a background of uniform brightness. A
camera intended for the mode of tracking a previously found point
object, for example, a star, has one energy storage device. The
tracking mode is widely used in radar [52]. It is known that, in
thls mode, a system with one storage device (matching fllter)
accomplishes storage of signal energy 1in an. optimum manner, In
television, the optimum tracking mode receilver, with a single-element
storage device (quasi-matching), a fllter, 1s produced relatively
easily, 1in the form of an optical mechanical camera or a dlssector
camera.

The task of bullding an optimum receiver in television is sig-/119
nificantly complicated, for the case of receiving the simplest image
(a moving spot, with position on the bright background not known a
priori), especlally for the case of receiving a complicated image.
The optimum camera for recelving the simplest image should contain a
mosalc of identical cuerpy storape devices, 1.e., a set of filters, !
matching .'r, which 18 adequate for practice, quasi-matehing by band !
and stor: ge time.

We write general equation (2.89), for a camera which 1s quasi- .
matched with the simplest image , 1

k Y wn V;ulqm"\j'!gl;l‘ KE ("Iqﬂ' '“‘h‘l‘ . ( 2. 95 ) h

|

? 1Up to the present, there 18 no definlition In the literature of
resolutlion by two different resolution indleators, the contrast
of which is 1lncorrect. Experiments are impossible, which concern
potential resolution with a prlori known pulse shape, which are con-
sidered not in accordance with the Raylelgh concept of resolving

§ power [H#2, p. 325] and, on this basla, efforts are belng made to

: i define the concept of resolving power "free of the shortcomings

{ inherent in the Rayleigh criterion™ {42, p. 3261, in place of which 7 ;
“ ‘ the Hellstrom method 18 used for thls purpose (501, ]
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For a quastematohed camera, the guantity Ug¥,n And llne denatty

v muat be found in eguation (2.95)., Tt"1& known that a quasi=~
magmhing f1lter has An equivalent frequency band, equal to the
equivalent width of the pulse amplitude apectpum. We conaider that,
for a filter with characteristice (2.90), the equivalent f'requency
band 18 close ta v 5 and the equivalent spectrum width of »
rectangular pulse Qé e¢losge to the inverse value of the pulse duration.
This permita the condition of quagl=matehing of the camera storage
hand with the apot area to be written 1in t™e form

; vll.h AI’ ' ( 2 . 96 )

2
where AR 18 the spot area.

A camera, quasl-matched in accordance with (2.96), should have
number of lines

l“ |

n’qm - '\" \‘U.fl {.ln ( 2 R 97 ) :

2
where z¢ 1s the camera photo layer area.

Selectlion of the line density by formula (2.97), 1.e., v,

=y /2, practically eliminates the effect of amplitude-freqﬁ%ﬂcy
aisfertions: ;

5 af Vus ~
N R E R T (2.98)

The quasi-matcehing condition expresses the condition of the best
1izht energy storage device. They should include allowance for
summing all photons in the exposure time. This allows the follow-
ing quantity to be found

'-'-fln \‘." 1 = 4 “:[l l.' ( 2 ‘' 99 )
in which
; p M |
i_ i Can (2.100)
! where Vo is the rate of movement of the spot over the camera photo
' layer,

By substltuting (2.97), (2.98), (2.99) and (2.100) in equatior/120
(2.88), for a quasi-matched camera, we obtain

kydi i '(TB:I:T ‘\t',l;l"‘ ehy (2.101)
i Equation (2.101) 18 no other than Rose equation (2.68), obtained
| from more general equation (2,89), for the quasiematching condition.

The light sensitivity of a quasi-matchlng camera can be estimated
; by the value of the threshold contrast, calculated, with (2,96) and
, (2.100), from (2.101):
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poo- bnebl o

yURTIY alig v (2.102)

The assumptilon of the equality y @ 1 aver the entipe expoaurs range
18 too mugh idenlized. Tn the best care, 1t gan be panumed for a

televinion camera that

. | at  BY<(lil)ge

YD " o
0 at B >(m)q=._

A deavrease 1in the contrast coefticient y to zero, becnuse of the

.aite capacity of the storage device, sets a limlt to reduction in

the threshold contrast (2.102) with increase in 11lumination B¢.

A complex image can be represented as consisting of spots
(detalls) of different areas and different confipuratlons. Tt 1is
evident that, in this case, the optimum recelver must have an adape-
tive directional amplitude-frequency characteristic. 'This possi-
bility 1s not available as yet to television technology. Therefore,
only a suboptimum recelver (camera), having a constant number of
elementary storage devices with uniform areas can be brought into
peing. Such a receiver will be guasi-matched only witn area-average
details (spots). Reception of large and small detalls of a complex
image will be carriled out in a nonoptimum manner, i.e., with loss of
energy. However, if large parts, although with loss of energy, are
reproduced by the camera, the smallest detalls are drowned in the
nolse, both because of.the small amount of thelr energy and because
of the nonoptimum nature of the devices for storing thelr energy.
Therefore, for reception of complex images, television has avallable
only a suboptimum camera, receiving a complex 1lmage with the maximum
amount of informstion per frame. For such a suboptimum camera, with
a constant amplitude-frequency characteristic (formula 2.90), the
number of lines zg > 34 g can be determined from equation (2.89), by
formula (2.93): '

)
. L (kyviege (BT
b 2 v.\tlb 20.“( '\‘u,aﬂth ] (2 . 103)
2 2
where 2 = 2y z¢ and 2, 1s the vidicon photo layer area.
'he cho?éé of ndnBertof 11inds py formula (2.103) provides for ob=- /121

taining an amount of informatlon in a television frame RS, in accord=~
ance with formula (2.55):

" A
R, & l"'“‘"ﬁhf"[\k“l' bits, (2.104)
where q, 18 the signal-noise ratio determined by formula (2.86), and
Vsx Yy

Vsx Vsy b
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Without taking loapes 1n amount of Informnation AR, into eanpidera-
tloan, an entlmate of the maximum amount of infarmAtiaon per f'rame,

by fornula (2.104), becomes enpeainlly admpler 16 1p peduced to the
prodyaef. of t?u potentinl defMinlition zg and the logapithmice sipnnl=
noine ratio, '

Caloulattion of the number ot lines 2, of n auboptimum enmorn
requires numerlonl values of the guant1618a o and Vg gy Whieh ann bhe
determined from the diprectlonnl amplltudesfrequency ABnenetopdatdon
and the dependences of y and q, on exposure, whteh, 1n fturn, o
determined f'rom the Light ehardceterinties. Mnding the depoendence
of the alpnal-noise ratlo g, on exposure B 1y Aimp1ifod by allowa
ing for rumming all incoming photons (the Rose condition), when
formula (2.99) 1s true. By substltuting (2.99) in equation (2.92),
we obtaln o

N R
’l‘\'(“.'. l' ) l [ ”li'l u \":";I"l N . Ifthr (p. 105)
The difference between equation (2.105) and equatior (2,.101) is
caused by the fact that resolvable details of area 1,498° are far
: from the quasiematching condition (2.96) and, therefore, the dip
? between them is strongly suprressed by the directional amplitude=-
; frequeney characteristics of the camera.

An lmportant question in building a camera, whilch 18 quasi=-

matched with the simplest image or accomplishing suboptimum recep-

tion of complex images, 18 cholce of n method of readlng out stored
; video information. 1In television, ihe stored, primary videc infor-
i mation 1s read out sequentially in time T, , with the time video /122
; signal forming from the information time ngeo frequency bands

F. re Tl g

where v o 1s the rate of uniform movement of the readout apot over
a line oh the photo layer.

The rate of input of information from the camera to the communi-
cation lines 1is Rs/Tro’ bit/sec.

ltn television, definition and signale=noilse ratio of a large
detail, expressed in declbels, has long since been acknow edged to
be the primary indicator of technical quality of television images.
Formula (2.104) shows that the product of these quantities serves
as estimate of the maximum amount of information in a television
image, with, however, the significant specification that the poO=-
tential definitlion, calculated by formula (2.103), previously un-
known in television, is kept in mind. In this manner, it is natural
that numerous objections againast use of amount of information in
. television, as a measure of technical (nonsemantic) quality of tele-
i vision images, becomes superfluous.
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Cholee of the optimum value of the time rendout 18 A aompli-
aated problem, 1n whieh a number of fuctops must be taken into
nonalderation, Let un oxamine these factops,

Fram Intormation contatned 1o tolevigton Ppamen, o deelalon
aan he made automntdenlly, by means of o roadslvery whioh 18 part of
the optimum camern,  Ap wan noted In sectdor 2,0, n eomern with a
regolver 1a completely pruetieublo, in recoptdon of Lhe #lmpleay
mogen (pee poetton 3,4),  In the eone of reacption of complok Imagon,
the functlon of' the eamevra 1o reduced only to teranamisston of infope
matton by cemmunleations Linecs to a man.  Telovinton dnfopmntion may
be Intended for sedontifle Intorpreotation (fop eximple, study of tho
Moon or Marn), whizh 1s aecompllshed by man over n long period of
time. The Interpretation time 1s not Limlted by the lnsrease 1n
readout time, for purposes of inereasing vadio communtcutions range,
However, television information can be intended for operational
control of a spacecraft by man (control of Lunakhod=1). Tn this case,
the time for making an operatilonal decision 1 I8 an upper limit

of inerease 1in readout time, l.e., Tvo g | dec

dec’

The requirement for increasing radio communications range with
the smallest power and radio transmltter dimensions involves deerease
in the video f'requency band F.. At gufficlently high definition Gy s
this requirement is accompani§d by a maximum increase in readout time,
i.e., choosing Tr = T. ..+ The time of an operational decision in
only one partial Base 25K coinelde with the readout time Tr = 0.04
sec, selected in broadcast television. Coincildence of the' Peadout
time T and exposure tlme T,k also is a partial case. In the general
case, gﬁposure (accumulation? time 1s determined by the dynamics
of the object observed. The dynamics of an object observed, in the
simplest case of uniform unidirectional motion, can be characterized
by the flight time of the camera field of view T = % /VO, where AL
1s the rate of movement of the optical image of gﬁ objgct on the
photo layer,

To achleve resolving power v., a shift of the lmage 18 permitted
in exposure time Te' only by the Pesolution interval 1/2vq. This /123
means selection of exposure time 2g less than the flight §ime:

T ' r"':;m.

2 \.h' u;‘ & ro

Maklng readout time equal to exposure time in a television
observation, for example, of a moving star, permits the entire tra-
Jectory of its movement to be reproduced. However, it 1s wella-
known from radar experience that such a reproduction carries oxcess
information for making a deeision: Reproduction of individual points
of the trajectory 1s sufficient. Selection of a readout time from
the conslderation specified Tr > T  leads to transmiasion by the
optimum camera of a sequence of tel8vision frames, the semantic
correlation between which, although it exists, is significantly less
than in a broadcast television system. The method of selection of
the interval between frames, based on considerations of increasing
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aommunications range, wag propngsed hy 2, I, Ketayesy [61, 62), an
early a8 1934, 1,e,, before the appearance of recommendationa on
selectlon of readout time (coverape time) 1in radar,

Thun, we reuch the eonclustop that the optipum televieion camera
1a an adaptive, alowspean enmern,

11t should be noted that introduction of the concept, which is
important for space television practice, of tne optimum camera 1is
based on the works of V¥V, A, Kotel'nikov [U4], A. N. Kolmogorov [5]
and 8. I. Katayev [61}. Questions of building adaptive television
aystems are considered in works [63, 64].
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3. SLOW-SCAN METHOD OF TRANSMISSION OF TELEVISTION INFORMATION
FRUM'SFIUE"__—_h

3.1 Hlow=ncan Method of Compreasion
of_Telov1ﬂ1on Blgna) Spectram

Compression of the frequency band in transmission of Images, /124
with simultaneous increase in resoiution ahove the values
achlevable 1n broadcast television, 1s a primary tendency 1n plane
ning systems for sclentlfic research in space. The theoretical
possibility or finding such methods of compression of the frequency
band involves Umitation on image diversity. An approximate estimate
of the amount of %nformation in a discrete model of an 1mage, con-
sisting of N = 10 elements, in each of which there are § = 10 half-
tones on the aveﬁage, ioﬁﬁasaaads, by the formula of Hartley, to
selection from S = 10 1 000 aagerse images. Image diversity
evaluated by the number 10 is gigantically large. A tele=-
vision system, planned for transmission of such a dlversity of images,
i.e., transmitting amount of Information E = 10510g 10 bits in 0.04
gsec, has a throughput capability of 70:10 bit/sec. However, it 1s
known that the measured throughput capability of the visual analyzer
is 70 bit/sec¢, i.e., one millionth of that presented above. The !
explanation of this should be sought 1n the perfection of the visual ;
apparatus achleved 1n the historical process of development of the
visual analyzer. Adaptation of man to life under terrestrial condi-
tions has involved the strongest limitations on the variety of images,
reproduction of which was necessary for life. The result of
benefiting from the limitation of image diversity was expressed 1n
reduction of throughput capablllity of the visual analyzer by 2 million
times, compared with the method of image transmlssion not applying
these limitations.

The mechanism of limitation of image diversity 1ln the visual ;
analyzer, the higher section of which is the brain, i1s unknown. !
It is difficult to expect that the visual analyzer would use only /125
the gsimplest form of limitation of diversity, which is manifested in
simple pecurrence of signals, for example, in recurrence of the
: brightness values in neighboring elements. It is more likely that
: thepe are deep-seated semantic limitations on image diversity in the
: visual analyzer. The expression of N. Viner on the auditory ana-
lyzer might refer t¢ the visual analyzer: "The semantic recelving
apparatus receives and translates language, not word by word, but
idea by idea and, frequently, in even more general form. 1In a
certain sense, this apparatus is capable of recalling all transformed

lThe discreteness of the light-sensitive layers in the visual
analyzer and in the betteg television systems 1s evaluated by a
number on the order of 10
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paat experioneeo, nnd thease long tranemiaalons make up a eonpldorable
part; of 1ta work" [66, p, 897 .

Lverydny oxpertence 1a avidonee of o greatoer intepferences
protectilon of perceptilon of aemantt e messapen by mian, compared with
nontemantie ones.  The use of aepantle conneetions In imapmen f'or
inercaslng Intorfoerence protectlon of receptlon in a virtuoe, at the
preseut. time, of only the hipher seetions oi the visunal annlyzer,
ot' the braln.

While use of a semantie limitation on tmage diverslty (scmantic
excess) for reductlon in throughput capability and to increase inter-
ference protectlion of reception 1s a problem, which has been solved
in the visual analyzer, this 13 a aclentific problem in communlca-
tiong technology. Not having a mathematical apparatus which permlts
evaluation of semantic ally signifilcant information, it naturally
1s impossible to estimate the degree of effilclency of the methods of
use of semantic excess ln messages in communications systems. However,
this does not exclude the posslblllty of benefiting from taking
semantic connections into account at the present time. A specific
example of such a benefit i1s the slow-scan method of compression of

Ege tzansmission pand in transmission of television images [61, 62,
- 691,

A comparison of neighboring frames transmitted in broadcast tele-
vision and in motion pictures demonstrates a very slow change of
subject. Tens and hundreds of frames have essentially the same seman-
tic content. An abrupt change in subject in neighboring frames most
frequently is not a peflection of reality, but the result of inter-
vention by the director in the transmission of natural images. 1In
placing a story of the 1ives of his heroesin varilous cities and
countries and different times of day and year within the framework
of a one-and-a=half hour showing, the director resorts to the artl-
ficlal procedure of abrupt changes 1n semantic content of the images
being shown.

Estimating the semantlc recurrence in television frames 18
complicated in the general case. We make an approximate estimate of
the semantic recurrence of frames in the partial case, but an impor-
tant one for the uses belng considered, of observation of the surface
of a planet by a television camera from some carrier moving forward
at constant speed (Flg. 3.1). The fleld of view of the camera en-
compasses an area on the surface of the planet, in the shape of a /126
square, with slde £ = & H/ﬂ.f , wherc &, is the slde of a square area
of the photosensitlve 1$yer 8% the came?a, Lo 13 the focal length
of the lens and H 13 the f1ight altitude, toe

As a consequence of the relative displacement of the camera and

the observed surface, the nptical imape moves along the photosensltive
layer of the camera at cvonstant specd Vi mm/sec.
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position & We conalder the eano, when an
‘ obaervation 1s made by the trana-
, mitt.ing camers of n broadeast tole-
oA :ialun nyntem, The exposure time
H , in broadeasting systems equals the
posttion b prame time T o= T, = 1/75 see. The
) optlceal prod%ctioglof the Image moves

distance v,1 mm in the exposure time.
In order fgrLtho loss in resolu-

tion in thils case not to oxceed
permilssible values, the amount of
shift also should not cxceed
permissible values, i.e.,

Fig. 3.1 Explanatlion of slow- gt b (3.1)
scan method of television
signal spectrum compression where t 18 the distance between two

resolvable lines.

In satisfying condition (3.1), the ccntent of each successlve
frame differs little from that of the preceding one. We calculate
the number of frames n or the time interval n rTf sec, 1in which
the subject In the fragg changes completely, i.g., Ehe time interval,
in whiech the camera moves from position 1 to pesition 2 (Fig. 3.1):

S P

BT wtpe” ofr
For a broadcast television system, it can be considered 1n the

first approximation that the value n,,k ~ 600 is correct. We then
obtain n, Ta ~ 24 sec. The resultiﬁﬁ figures give an approximates127
lower esgimgge of the semantic reccurrence of frames, reproduced wlth™—
the necessary resolving power by a broadeast television system. The
time for complete change of subject of a frame T m o0 Ts, can bhe
interpreted as the mean interval of lntorframe s@fifintlc Eo%Felation.

The question arises: Why was a frame rate of 25 Hz chosen 1n
television broadcasting, with such a large gsemantic correlation
interval T 2 24 sec? MTelevision broadeasting does not pursue the
goal of ofP¥¥1ent video information transmission. Selectlon of the
frame rate of 25 Hz 18 necessary for creating the 1llusion of fuslon
in transmitting motion and to eliminate flickerinp of the image in
visual observation of it on televislon screens. 1t should be noted
that, with thias chelge of frame rate, no advantage 1s galned from
the semantic recurrence of frames for correctly building television

apparatus,

If fiickering of television imapes and loss of the 1llusion of
fusion is permitted 1in transmission of the movement of oblects, the
semantic recurrence of the image can be used for compression the
time frequency transmisston bands 1n space televiston video and radar
systems, by means of the so-called vlow-scan method.
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| gean method consista of
1

...ruadout. storame and transmisalon of
only those images whieh

The easonee he 81.0We
‘! [Lﬁx;umure The eanonce of th low
I
i

———

sipnificantly differ 1n se=-

oty 5 mantic content. For this,
J : l | arasure the transmitting camera in
- e i .HL_"“;'IIK‘ correction the slow-scan method operates
- ¢ . ) on a cycle, the time of which
Fig. 3.2 Operating cyele of 18 established by equal times
transmitting tube ing]owesean of change in content 1n‘the
method scene beinpg observed., The

cycle time T 6 1s divided into
three intervals: The exposure time T_ necessary for accumulation of
video information on the agmera “tube target, the readout time
of video information stored in thememory T, and the time for erasure
and preparation of the target for accumulati8n of new video informa-
tion T (Fig. 3.2). Slow-scan systems must have automatic regu-—
lationPbr the cycle time T , tracking the rate of change of sensory
content of the image. Howgver, slow-scan systems with constant /128
cycle time (or with programed cycle-time changing) are widespread at
the present time. These systems are deslgned, on the basls of a
priorl informatlion on the rate of change of sensory content of images
of the natural scene beilng studied.

The posslbility of compression of a television spectrum by the
slow=scan method depends on the rate of change in semantic content,
which 1s very much less than the rate of the mechanical movement in
observation of natural scenes, as a rule. The rate of mechanical
movement of observed obJects determines the permissible shift in the
optical projection of the image, in conformance wit} formula (3.1},
1.e., it determines the exposure time T_ at a given resolution. The
rate of change in semantic content of the image determines the
operating cycle time of the transmitting camera.

The excess of the cycle time T, over exposure time T permlts
the readout process to be slowed down and, thereby, the v¥deo signal
spectrum to be compressed.

A narrow=band, slow=scan video signal from a moving natural
scene was first obtalned, by means of 1lconoscope and supericonoscope
type camera tubes, by 8. I. Katayev, in 1934-1938 [61]. However,
the slow-scan method was not widespread in those years. It was
turned to apain In the 1950's, in connection with the necessilty for
solution of the problems of increasing the ranpe of television transe
mission from space, facilitating conditions for preservation of the
video signal aboard spacecraft, insertion of television signals into
computers, etc. [66 -~ 691. The use predominantly of vidicon type
camera tubes, having semiconductor film storape devices, in
space systems, required investigation of the process of formation of
a slow=scan video sipnal, as f'ree as posaible of noise, with accept-
able exposure and resolution.
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The most important problems, elearing up of whlch was necesasary
for deslgning snlow=-gcan space systems, are the followlng:

-- FEvaluation of the capacity of f1lm storage
devices (including semiconductor ones) for rapld aceu- i
mulation and long memory;

-- Tnvestigation of the possibillity of effleclent
noise suppression in the slow-scan video signal and
inereasing resolutlon of the system;

-- Finding a method for decreasing the time of i
erasure of stored video information and preparation of the i
target for accumulatlon of new information in vidlcon type :

camera tubes.

The remaining sections of this chapter are devoted to solution of
these problems.

3.2 Memory Length and the Storage Process
in Camera Tubes

One of the first problems which should be solved by slow=scan
system planners is the selection of the time interval of readout from
the memory. For a correct selection of the interval, in which the /129

camera tube is capable of forming a video signal, the length
of 1ts memory must be known. Memory is what we call the capabllity
of a camera tube to preserve a charged lmage in the storage

time during exposure, under conditlons, when the shutter 1is closed,
the electronic readout beam is "closed" by a negative voltage on the
Wehnelt cylinder, and the voltages on the remaining electrodes of the
camera tube are set in accordance with 1its nameplate data.
Under these conditions, the charges on the camera tube target
spread over the surface and flow off onto the signal plate., The
charge spreading time 1is determined by the surface resistivity of the
target. Spreading of the charges over the surface of the target,
causing loss of camera tube resolution, is even observed in
iconoscope and superlconoscope type tubes, which have a dielectric
target of mica. The cause of the surface leakage of the charges ln
such tubes is formation of a layer with reduced resistaznce on the
surface of the target, by virtue of technological features of
iconoscope and superlconoscope fabrication [2]. Superorthicon and
vidicon type camera tubes have semicornductor targets. These
tubes accumulate charges quite effectively in 1/25 seci it can be
assumed that their semlconductor targets have a memory of at least
a tenth of a second. However, more precise estimates of the memory
length are necessary. This 1s the more so, for the cause of erasure
of a charpged imapge on the target can be, not only a low target
resistance, but residunl gases and various types oI stray emlssions
in tne camera tubes. In the supericonoscopes and superorthl-
cons, there still is photocathode electron thermal emission With
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the shutter closed, which erase the latent 1maga.1 With the readout
beam shut off, but with the lncandeacent thermocathode awitehed m,
penetration of light from the lncandescent filament to the target 1s
posgible, aa a result of which, the latent image Is erased, not only
on the light-sensitive targets of the vidicon, but on the super-
iconoscope and superorthicon targets, which have a weak sensitivity
to spurious light. Penetratlon of scattered light to the camera
tube is possible, because of inadequate sealing of the camera and
through the photo layer.

The method of recording the memory length characteristles of
camera tubes, applicable toall types of tubes, conslsts of the
following (70, 711. The time interval between the end of the exposure
and start of readout t3 1s made adjustable, by means of one of the
time-delay systems of the pulse controlling the start of exposure and
readout (Fig. 3.3). The processes of exposure of test pattern 0249
and readout are repeated, with gradually increasing values of 3.

The video signal in the first line, read out over a time equal to /130
13 after exposure, 1s measured on an oscillograph screen. The decrease
in video signal amplitude with increase in delay time reflects the
retainability of the "latent" image stored on the target over tilme,
l.e., camer a tube memory.

grodsctarefutige— Rie menfitite

LG l 743Tam

The characteristics of
the memories of various types
of camera tubes, measured
by the method described, are
presented in Pig. 3.4. De=-
Ll crease in amplitude of the
———— video signal from a large
detall is plotted on the
ordinate in per cent. Having
] fixed the latent image inten-
81ty by the permissible
decrease, 1t 1is easy to deter-
Fig. 3.3 Structural diagram c. camera mine the longest readout time

tube memory time measurement from the memory in a slow-
scan gystem, which is achlev-
able in operation of a given type of camera tube, from the

memory length characteristic., As should have been expected, the
tube with a dielectric target, the supericonoscope, has the longest
memory -ength. Vidicons with semiconductor targets had a shorter
memory length, depending on the resistivity of the semiconductor and
their manufacturing technology.

In the slow=g8can method of image transmission, an optimum
exposure time can be selected, regardless of the duration of the

1‘I‘he use of an electronic shutter in the superlconoscope and
superorthicon eliminates the harmful effect of photocathode thermal
emission on the latent 1image.
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readout from the memory. Seleatlon of the optimum exposure time 1is

S hased on a compromise hetween the deaire to ingreaase the exposure

- time and the necesalty for decreasing this time, to decrease the

A shift of the optical image during the exposure. It is important for

S slow-scan S8yatem designers to estimate the paln whileh can be

S obtained by increasing exposure time in the transmitting camera. For
such an estimate, the response characteriatics of television

S storage devices must be sgudied and the connection of efficlency of

L use of the atorage principle with these characteristics must be

eastablished.
al Television storage
(0 g+ = g e [ g enape devices have three types of
time response {66, 721:
. /131
w75 . -= FEnergy accumulation
g response;
2 NN -- Energy retention
Rpdd ‘\‘\\\\\\h response, the memory;
§§ ! "m":h”“lm -- Readout response.
25! L.l
" i, fn The storage response
characteristics, measured for
% L standard types LI-13, LI=17
ﬂ)g o e and LI-203 superorthicons,
g ‘ 1 3 T are presented in Flgs. 3.5
LTSI T Tt T and 3.6 [751. These char-
A0 ol R e S R R O IR i acteristics show the increase
i =P S S W SO S e e LS in signal~-nolise ratio, owing
el ] to the time increment of inten-
whp 2 4 & 8 15.01 2 14 8 1 2027 435 sit AU of a latent 1mage
me, msec of test pattern 0249, in
detalls of different sizes
ch, 2, with varying illumination
't R B R T M Sl e B of the pattern image on the
hLd ¢ S photocathode. Each famlly of
L0 A e characteristics reflects |
gg*ﬂ g the function A/ wtf. M)l ot
n’ﬂ r——
aﬁ ¢ R " g The difference in the /132
o time, min ' storage response character=
M . isties and the memory char=-
Fig. 3.4 Camera tube memory acteristics represented 1n

Fig., 3.4 flows from a com=-

lerngth characteristics; a) supericon- parison of them. The storage

Sggﬁpeéigicﬁﬁper°rt“i°°“‘ ¢) slow= response 18 determined by the
11lumination B and, depending

on the value of it, it can change wlthin broad l1imits. The storage
device memory length does not depend on lllumlnation.
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Analysta of the atoragme and
memary  yesponse chiaraetor g-
tlen, reflocting the nLorapoe
dovieo hropertten, permitin 0 nime
plLACTed mode) ing ayatom of' onee
band stornme or o Lolovinton 41m
sLhorage device to be aynthesteed
(Mee 3.7, "The modeling syston
o a gquadripole, with two switoehe
R A I A ¥ Y Ao B BT barameters, which aroe ¢one
time, sec stant over ime:

Flgme 3.5 Superorthicon atorame
charactoerigtles for large detail)
with diffoering 12lumination I3
of the photocathode:

fosepsdlug <o A R _‘ .
. n.:.f?-'!" 1olux’? m...-lht::-‘c Witk UK ¢ no lux

i ise, relative
signal f noi St

AN T A

el CReRy

woty gt

e W N e
xl‘l l - "y
n .. i ' i
o, MRS
£ |
Byns | ;
~3 . I
e |.,
B <
i S IR
v | B
!
t
| S l‘.-._[._l

I A Y
time, meog

g, 3.6 Superorthicon storage
characteristics for small details,
with differing 1llumination B of
photocathode, for small detail,
corresponding to the vertical wedge
of test pattern 0249 marker:

a) 300 lines; b) 400 lines;

c) 500 lines; 1, B=0,073 lux; 2, Bm
0,24 luxe: 3, R=0.24 lux: 4, Be2.2 lux.

The key closes in gtorage time
0 ¢« t < T,

S

: ' fire, mase | The storage and memory responses

é of a film storage device is deseribed
by the time characteristic of the

‘ modeling system:

!
"o 1o v o 0eiar,
l

l i
e U at r>'l‘e.
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I ’ With inerease in 1lluminatilon R,
o i ) the time conmtant 11B) deerenses,
“An 2] & out The Duhamel intepral applied to the

[ modeling ayatem has the form /134

" o

Flg. 3.7 Diagram modeling

f
Houtl - (W (- Ndy, .
storage device unit band autl éu"l ( (3.2)

where U éx) = m(x) + n{x) la the
value of the 1nput funcetion: gsipnal + n% ae,

In the partlal case, wlith satisfaction of the condltions 1,;(RB)
> Tg and 1 » (t - T,), the time characteristic’

T (1)

[4 R
s 020
H(f) \ a i o
1 at >%.

In this case, formula (3.2) 1s transformed into the well«known
formula [38)

t
Ugudl) .;l-:-é-)-h\[m ()1 1 ()},

The Fig. 3.7 modeling diagram permits a visual explanation of
the effect of a finlte memory length (time constant t3) on storage
response (time constant t11(B)) and possible differences in their
values. The principal features in this problem consist of the
following.

The presence of a speciflc memory is a necessary condition for
accomplishing the storage process. In fact, the storage response
time constant

"o l,.. .
. “I... I I
Talf) W

uihl)

(3.3)

where TO(B) = CHO(B).

It follows from formula (3.3) that, in the absence of a memory
(1t = 0), the storage response time constant equals zero,

The memory length and, consequently, the extent of pain In
signal-nolse ratlio, as a functlon of storage process, 1s not deter-
mined unambiguously by storage response. Tn fact, at a given
memory constant ty, the storage response constant. t(B) can take
any value from 0 to tv,, depending on illumination B. Memory length
T2 unambiguously determines only the greatest value of the storage
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responae conatant, t.e., 1im 73(B) = 1, aa B » 0, The aituatilon
prenented above of the effeet of memory on the ftorage proceaa

pearmits the expected galn from use of one type of atorage deviece or (igg

another under various operating conditions to be correctly esatimated,

In applicatlon to the task of designing slow=scan gyatemsa, an
important practical conclusion should follow from what has heen aald
above, that, for each type of ,amena tube, there 13 a limitling
value of the exposure time T Kkp.? exceeding which should be accompanled
by appreciable departure frofi“the rule of interchnnggability of tho
quantities B and T.. The rule of interchangeablllty”™ states thai,
in preserving expogure value BT , exchange of quantity B for T, should
not lead to a decrease in the v¥deo aignal. We satisfy the rufe of
interchangeabllity in any range of values of Te’ only with an

infinl tely large memory. /136
T For television devices
4§ﬂ¢3 - . with the memory characteris-
ME tics represented in Fig. 3.4,
30 . [ a noticeable decrease in
a0 04 p o sy Video signal should be obe
exposure time, sec aerved with increase 1In
b) | T > T kp? €ven with reten-
ou’ K ] o e tfon oFfEonstant exposure
qﬁgﬁ‘l"ﬁ'r' ! w”-4“l A BT . The reason for this is
Eﬁ" 11 L1 5”,J_ij a decrease in memory charac-
- I (S teristics of the storage
1Y exposure time, msec device.
- “ge | I T N The results of a test
& | ! | : ; of the rule of interchange-
gt } ! | | ablility are presented in
8% | o [ Fig. 3.8, for various types
WM expostre time, see of transmitting tubes. The
Fig. 3.8 Testing therule of inter-  ShAracteristlos show s de-
changeabillty for camera tubes: increase 1n exposure time T
a).supericonocscope; b)superorthicon; uhder conditioﬁs of e?
gl.vidieon .

lAs an example, the eatimate of the storage properties of a
luminophore with prolonged persistence can be pointed out [10]. The
presence of long persistence (long memory}) in a luminophore still
does not determine its storage persistence, which, depending on the
excitation current value, can assume different values. The capacity
of increasing the initial signal«noise ratio in one and the same
luminophore with long persiatence can be small by use of a lumino-
phore, for example, in receiving devices operating wlth large excl-
tation currents or, on the other hand, high in use of a luminophore

with multicascade electron~optical converters operating with small
excitation currents,.

2The term 18 derived from photographic technology.
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constant exposure BT ., A decrease in the charascteristics is ohserved,
beginning with a timé value exceeding the memory length., Knowledpe
of the limits of fulfillment of the rule of interchengeability
permita selectlion of slow-acan system exposure times in an optimum
manner,

3.3 Features of PFPormation of a Slowe
Scein _Video Signal

Avallabllity of film storage devices, capable of storing with the
optimum exposure and retaining the stored image for a long period of
time, permits selective transmission of television images which
differ significantly from each other in semantic content. It is |
natural that this image selection process, significantly weakening
the semantic correlation between neighboring frames, completely
eliminates the statistical correlation between frames. Complete
elimination of the interframe statistical excess should lead to
equalization of the video signal spectrum (see section 1.5) and,
consequently, to a more nearly optimum statistical matching of the
video slgnal sensor with the channel. 1In this respect, the slow=
Scan - method can belong to statistical methods of video signal
spectrum compression.

Complete elimination of the interframe statistical excess 1in the
slow=scan method means elimination of the principal fraction of the
statlstlical excess in television images. Use of intraframe excess in
the slow=-scan - method gives only a small addition to the video
signal spectrum compression which can be achleved, but it requires
complicated apparatus. Therefore, the readout process in slow-
scan systems 1s carried out by the traditional televisilon method
of scanning at a constant rate.

As is well-known, the video signal spectrum generated by the
transmitting camera depends on the readout rate (or on the readout
time interval at a constant readout rate).

In carrying out coirse photography by means of the slow=scan
system (Fig. 3.1), the following are selected to achieve a given
resolution:

1

Exposure time Te '~ pec,
. 2y, L)

frame transmission time '
fyu-_m)

o (3.4)

where v_ is the rate of movement of optical image across a photo

layer of size mb and Py is the longitudinal freme overlap: Py < 1.
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The exeear of the frame tranamisalon time aver exposure time

v lfg 2 ”"” e

(3.5)

I course photography were aneried out by a broadeast type tele-
vision system (with simultaneoun atorame and readout processen), the
frame tranamission time would be equal to the exposure time. There-
fore, formula (3.5) gives an eatimate of the 1nereace in frame
tranamission time in the slow=scan method or an ostimate of image
transmission frequency band c¢ompression, This formula shows that the
gain n 1In frequency band compression in the slow-scan method 1is
greater, when transmission of Iimages of moving objects 1s required
giggohigh resolution. This galn can reach values on the order of

’ L[ ]

Thus, slow=scan method permits formation of a video signal
from rapidly changing natural scenes in an n times more narrow
band than that of a broadcast televisilon signal, while preserving
the 1dentiecal resolution. This provides for soclution of the problem
of increasing televislon transmission range from spacecraft.

Solution of the problem of increasing light sensitivity and
resclution involves creation of the optimum television camera
(section 2.6). Such difficulties stand in the way of creating the
optimum camera as Umitation of the working exposure range, because of
saturation of the light characteristics and the presence of sources
of inherent nolse of the camera circuits, in addition to photon noilse.

Extenslon of the linear section of the light curve is achleved
by increasing the clarge which a transmitting tube target lg capable
of storing. For this, the capacitance of the storing target or the
differencz in limiting potentlal levels must be increased. Construc-
tion of camera tubes storing very high charges in a broadcast
television system 1s extremely difficult, since such tubes will have
unacceptably high persistence. Broadcast televlslon technology,
having enriched television by the signal storage principle, restricts
the frame of reference of its use, The slow-scan method, divided
into storage and readout time processes, from 1ts incorporation of
speclal camera tube target erasure and preparation operationo,
which are effective means of control of tube persistence. The slow=
scan method thereby opens the way to storage of very large charges

on television tube targets. /13

Another way of extending the workling exposure range consists of
special processing of the stored, charged image, using aubtraction
of the potentials on the storage target (see sections 1.3 and 3.8).

The sources of inhkerent nolse of the camera circuits can be
taken into account, by means of the concept of the receiver noise
factor.
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We turn to the dlagram in
Fig. 3.9, A measage, mixed wlth
white nolame 8 ., anters the lnput
I S of a venﬁivgﬁ, vontalning f1ltern
‘ K, (f) and K,(f),separate sources of
1ﬁhﬂrenu white notse Sna' The noise
power at the output

Sntt) it LAY

Mg, 3.9 FExplanatlion of nolse
factor caleculntion

PPy P"‘“'S\‘ San";(h K:ﬁ(h‘” 15 .!.S"“K:j(n‘u.
| L]

\
nx

The recelver nolse factor

W Ly L, R y Sqe,_ ,
pﬂl ' S‘" Nf (0) ( 3 . 6 )

where V&S0 di
h, . j’ v .

TRW
SR AT Y

in\ Ai () N

The noise factor involven calculation of the peak output signal=-
noise ratlio. If thegpegk signal power at the ogtput is PB, it 1s
clear that W= 1 + ql/qz, where q] = Ps/Pnl’ q, = Ps/PnE’

Knowing ¢, and W, it 1s easy to find the total signal-nolse ratio at
the outpu%:

R g
TPe S Lt
hy - ' Py 1 m ‘/ q"; Lo Ve (3.7)

Formula (3.6) permits, not only calculation of the noise factor, but
1t indicates a general method of reduction of the noise factor, which
conslsts of incorporation of amplificatiog K,(0) » 1 between the
sources of the input and inherent nolses, %o reduce the noise factor
to two, an amplifier must be installed between the noise sources, /139
which would amplify the mixture of the input message and noise, with
galn: -

K |!%$@.
Among the inherent noises of the televislon camera circults, we dis-
tinguish the shot noise of the video sipgnal current and the video
amplifier noise. The output power of the video signal current shot
noise Ic, which can be found by measuring the light characteristics

1An alternative to this method of reduction of the nolse factor
may be the method of coding the message and noise mixture [u11.
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hy the HSchottly formula .
tow 2l KR (=0l F,
i

where K () 18 the amplitude=~frequenay oharacterintic of a video
amplifiBe with equivalent frequency hord 1o Inoamplifieation of
the video sipnal, the inherent nodse of thé video preampld ffier, with
power P
by meoand of'

(n) Camera tube nolie fuctor
e
whero Pn@ 18 the photon nolse power wnt the tube output;
(b) Video preamplifiler nolse faztor

o Puglth
LI
8

The ratio of the video signhal amplitucde to photon nolse (sece
formula 1.3)

g YRAL L a Iyt

The ratio of the video signal current amplitude from a large
detail of maximum contrast to 1ts shot noilse

e L e,
"B' ‘ haa "'ahl'aé‘“. ] " (3.8)
where AQ) .!lﬁ- )

An increase in charge 4Q, stored by a unit band of the storage
target, means that the tube creates a large video signal current 1n
a aingle frequency band IgFe,

The resulting signale-noise ratio, which 1s determined by the
photon noise and the video signal current, in accordance with
formula (3.7)

[FA0 .
'I'I'»‘! "%t y

where wtt > 1,

Reduction in the tube noise factor is achleved in secon type tubes
by amplifying the electronic image before 1ts readout, in acecordance
with the recommendations flowing from formula (3.6). Similarly,

for reduction of the video preamplifier noise factor, an amplifier /140

(SEA), located between the sources of the video signal current shot’
130

Bﬂ. 18 added, Thess Inhevent noines ean be taken into account
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noige and the video preamplifier inherent noire, 18 used, Tn asuper-
orthlecon and vidicon type televiaslon tubes, with a mturn electron
heam, the use of a se ondary eleatron amplifier (8EA) in the readout

sectlon provides a ratio of the signal to the shot noise (large detail
of maximum contrast)

) as
q . -....._..__,,,:.&_ r . - St 1" [
sm I " 0oa BE
|2“mfﬂ“ﬁm v/"'” ma
where m, 1s the depth of moderation of the return electron bheam and
wSEA 1s”the secondary electron amplifier nolse factor.

For the superorthicon, m.n 1/3 and W A” 3, 1.e.y, Wop,/m,nv 9,
Removal of the video signal f%om the sign§§ plate of a v§§£co

provides & ratio of the signal to the.video signal current and video
amplifier noises

q'.!q'l *

[ o7} a

There are two possible reasons for the possibllity of reducing
noise factor wa [74 - 76):

() By reduction in the video amplifier noise
power, with compression of the equivalent video frequency

band, more rapldly than reduction of the video signal
current shot nolse power;

(b) By matching the internal resistance of the
camera tube to the locad reaistance by reduction
in the scan rate.

Let us dwell more in detail on this question.

] ] Resistor R,, shunting the
i # Ak A . spurious capacigance of the video
— preamplifier input, serves as the
1- load for the video signal current
created by the vidicon (Fig. 3.12).
_ It is well-known from electrical
Pig. 3.10 Equivalent dlagram technology that the current flow to
of camera video amplifier input the generator with internal resist=-
ance R, on resistance R, = Ri
provides the maximum generator power ou%put. Satisfacti&n of“this

equality requires the internal resistance of the vidicon to be taken
into account.

1

The value of the camera tube internal resistance in the
memory readout mode is approximately Ri = Ut/Is’ in which

8\t A XY
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where 1s 18 the video algnal current amplitude, At 18 the readout
tiwa ofTone olement, O, 18 the tofal eapacitance of the tarpet, /141
AL” 18 tha aren of the active sectlon of the readout apot on the n

target and 22 1a the target aren,

¢
After dealmnating the capacitance, which can be chanped over hy
the readout beam 1n o unit of time C, = ¢ _AR2/82AL, we obtain
Ia - cluT. T"hen, the internal resiasfance of the ecamera tube

R 1, (3.10)

At Cp = P'IO'QF, the a%uivalent transmlsalon frequency band I =
1/2at= 12.5 ki, A%2/2? = 2,5.105, the Internal resistance of the
tube R, = 5-1039 ohm. ®Formula (3.10) shows that the internal reslst-
ance of the tube depends on:

-- Target capacitance, the greater the target capaci-
tance, the leas the Internal resilstance;

-=- Readout rate, the higher the readout rate, the less
the internal resilstance;

-= The size of the actlve sectlion of the readout spot,
the larger the active sectlon, the less the internal
reglstance.

Selection of load reslstance
8y g e 2 R; in a broadcast television system
ufually does not take the internal
resistance of the tube into consid-
eration [17). This does not lead to
error, because the readout rate of
the charges from the target of a
tube of a given type in a broadcast-
ing system 18 constant. In slow-
sean television, the readout rate
{or time) 1s a selected value.

) Therefore, 1t 18 necessary to take

| ’l | change in the internal reslstance of
LT i et the tube with change 1n memory read-

anca, ofimh - out time into conslderation, in

- : selecting the load reslistance.
gégﬁ gié;algﬁéggéagggigai?ez122 Calculated data of the effect of

o increase in load resistance in
803“9 g%@f{g ;igesqﬁggtiféggapﬁt proportion to compression of the
P .|“i;p.u“m32‘“ ,mhb.,qaﬁmﬁ *@hz video frequency band on the slgnale-
e' " WHz, notse ratio qg of the video pre=-
amplifier isgiven  in Flg. 3.11 {75). curve™t of FPig. 3.11
concerns a tube with 300 ohm nolse reaistance and curve 2 to a tube
with 1,000 ohm resistance. In the calculatlon, the increase 1n
noise reaistance of the input tube 1in suppression of the video

frequency band is taken into account.

"? 5 bl .

1 /noise
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The ealeulated data 1n the reglon of hipgh signalenolse ration wia /142
contirmed experimentally in a sloweacan camera, with a video pre-
amplifier having n tube 1nput [76). The camera operated with a
1T=408 wlow=-nean yidicon, the 1ight eharacteristies of whieh, at_an
oxpoaure of 7 lux-«aec, ppogided a video sipnal currvent 1. = F107 A
at 500 lines and a 1.25.107 Nz video froequency band (d1vBded storape
and readout time mode). The video alipnal voltage at the vbdvo pre-
amplifier input at the line frequency was 1,1 V, at R, = 10" ohm, A
larpe ratlo o' the signal to the video amplifler noike q. = 1400 and
to the video sipnal current noilsce q_, = 1120, was achtevelf. The
resulting output signal-nolsc ratio®(see formula (3.9)) was 800. Such
a hiph signal-nolsc ratio was unknown in broadcast televislon
technology.
2l T UTI T [ Calculated data on the de=-
o Lh ~| pendence of a semlconductor video

! amplifier nolse factor (see section

E 3.7) on its equivalent video

i frequency band are presented in

g Fig. 3.12. The calculation was

' carried out, with allowance for
increase in load resistance with
decrease in equivalent video fre-
quency band F_, The calculated
curves have the ratio I_/F_ as a
parameter, which determines, to=
gethaer wlth the noise factor, the
Flg. 3.12 Video amplifier noilse output signal~noise ratio (formula

factor vas. equivalent frequency 3.9). Calculated wa Vs, FQ curves

i

e
i
[l
1

.....

FAY = m v

band: 1) f0£ vidicon with ratio have a minimum W_ .. , the value
1,/F,. = 10-1% a/Hz; 2) I /P .= of which decreas®s #82 vidicons
AP10814 A/Mz; 3} Is/Fa =56.%10~14 creating a large current in a

A/Hz. © single band I_/F These curves

permit determinafion of the range
of values of F_, on which the use of vidicons with SEA 1n the readout
section, proviaing for achlievement of a ratilo wq, /m, < W_, 18 based.
The absclssa of the intersection point of the ch&éul&ted Burve with
the noise factor W = Wana,/M. divides the values of F_ into two ranges:
At large values ofaF_, EEQ of' SEA 1s advisable, but ak low values of
Fe’ in taking the vifeo signal from the vidicon signal plate and using
a-semiconductor video preamplifier, the best results should be
expected. Especlally promising for slow=scan televioion 1s the /143
range of valuca of ¥ _, in which the noise factor wa 1a leas th?p 2,
It is clear from Fig? 3.12 that, for vidlcons with™I /P _ = 10=-1% A/Hn
W, < 2 1a reached in the 6 kilz s.¥_ S 80KkHz range. B Tnerease in
cllrrent 1n a aingle band to a valué of Iq/FH = 6.10™!" A/tiz extends
the range to 1kHz & F, 5 0.4 MHz. B

The conclusion of the possibllity of reduction of the nolge
factor of a semiconductor video preampllifier below ? was teated
experimentally in a slow=-scan camera [761. The camera operated with
type LI-408 vidicon, generating a 2.10-9 A video =%, 21 from a large
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detatl, with s target cxpoaure of 3 lux.gee and 1,000 1llnea, A
semiconductor video amplifiler was uscd In the camera, whlch,
according to caleulationa (curve 2, Fim., 3.12), had a noise factor

W, = 1,8 at F, = 0.1 MHz, Oseillograms of the vidicon video aipnal
w8re recorded®on the sereen of a type 81=29 oscilloscope, 1n the
form of rectangular pulaes, from the black-white 1lluminatlion change.

i ""*]' hetter show the change 1in effec-
Pilg. 3.13 Oscilllograms of video tive nolse value. It 1s evident
slgnal from black-whlte brightness that the effectlve nolse value at
change: a) oscillogram of video the white level (i.e., with the
pulse front; b) nolse at "white" total nolse of the video signal
(above) and "black" (below) levels currents »nd video amplifier) is
1.5 times . = effective value of
the noise at the black level (i.e., video ampliirier noise, together
with the vidicon dark current noise). It 1s easy to find an experi-
mental value of the nolse factor from this, which matches well with
the calculated value W, = 1.8. The matching not only confirms the
correctness of the cal%ulation, but it shows that a video signal
taken from the vidicon signal plate 1s masked, not by the readout
beam current shot nolse, but by the video signal current shot nolse.
This circumstance is of graat importance for improving the qualita-
tive characteristics of the camera, since the vidicon readout beam
current can be several times greater than the video signal current.

An osclllogram of a video
pulae front 1s given In PFig. 3.13a
and, in Fig. 3.13b, 1ts top (from
white) and bottom sectlons (from
RSV IRWRRTSIITS 1] ack), separately, in order to

At the present time, we attaln a low nolse factor W_ £ 2, only/1l
in slow=-scan rate television with a relatively narrow viReo frequency
band (F_ < 0.4 MHz). Achleving such a nolse factor ln a wider
frequenSy band (F_ > 0.4 MHgz) 1nvolves the nead for perfecting fleld-
effect transistors or using devlces for ¢oolling the input. Thus, slow-
scan television provides for formation of a video signal with
a better signal-noise ratio at the vidicon camera output, because of:

== The use of thinner film storage devices, permitting
accumulation of higher charge 4Q, l.e., of creating larger

videc signal currents in a single band I /Fe‘ The residual
chargal image inherent in such tubes 1s not anTuncorrectable
deficlency in slow=scan television, since a forced

erasure operation is provided for in the tube operating cycle;

-= Reduction of the noise factor of the video pre=-
amplifier, by means oy matching the internal resistance
of the vidicon to the low resistance in a narrow video
frequency band.

As was shown in Chap. 2, an increase in the simnal-noise ratlo
should provide an improvement in resolution of slow=scan vidicon
cameras, Rxtension of the spatial amplitude-frequency characteris-
tics of camera tubes, by means of decrease in the surface
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apread of charges, usalng thin fllm storage devicea, and by meanas of
impravement in focusing the electron readout beam, whlch 1a8 poassible,
owing to a decrease 1n beam current in a aslow memory readout, also
facilitates succesgsful solution of the problem of 1ncreasing resolu-
tion in slow-scan television [7TH]. Of no leass importance 1s
the absence 1n the radio channel regulation GOST 7845-55 of the
dispersion of image and audio carrier signals, whlch limits the
increase 1In resolution in a broadcast televislon system. In slow=-
scan television, the amplitude=-frequency characteristices of
the video amplifiler and radlo channel can be selected from the con=
ditions of tranamilsslon of all of the information directional video
frequency bands generated by the camera tube,

In analyzing the results of measurement of directional ampli-
tude-frequency characteristics of various transmitting tubes
(together with the lens), 1t 1s easy to note their features: The
curves do not have zero, l,e., there are noc frequencles, at which the
values of the characteristic equals zero. Based on the concept of
a complete, one~time readout of charges stored on the target by an
electron beam, this experimental fact is evidence that the operating
(active) part of the readout spot decreases in proportion to thre
line width in the globe, by means of whlch measurement of the
amplitude=frequency characteristlics 1s carried out. The absence of
zerog in the amplitude-frequency characteristics of vidicons was

taken into consideration, in selectlon of approximating funetion /145

(2.50), which was used for obtaining formula (2.94), for calculating
the potential resolution.

Formula (2.94) can be made more specific in calculation of the
signal-nolse ratio for vidicon cameras, with expression (3.9) taken
into consideration. For this, we transform formula (3.9), by means
of the relationships:

F,=bu, v == ——--',“: '
re zTrO (3011)
2-2\’!@.
'l (3.12)
] -B-Q-I'O.

o (3.13)

where b 18 a numerical coefficient (see section 2.5), v, and T, are
the readout rate and time, 2v_ = z/%, 13 the line density, o 1s £he
density of the stored electrofis formfng the video signal. After
transformation, we obtain formula (3.9), in the form

w1 ) (3.18)

The aignal-noise ratio from a low-contrast large detall, by
definition (formula 2.86)

& P
qh ;—.:k‘vqsa"“ T‘\'—: bWa' (3'15)
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The value of the vidicon video aignal current can be represented by
the formula (see aection 1.3)

. 2 T
Iar-uhoaﬂid,-,“g . (3.16)

where e 1s the quantum yleld of the internal photoeffect; n. is the
coefflclent of effilclency of formation of the video signal Burrent.
We note that the signal-nolse ratio (3.15), obtalned in rcmoval of
the video signal from the vidicon signal plate, 1s connected with
the photon signal-noise ratio q¢ by the expression

s l/ ::l'l!.a‘ Gy = ' /‘—g‘-"ﬁs vkl I;B:pg N (3.17)

By substituting (3.15) in formula (2.94), we can calculate the
potential resoclution along a line, for the vidicon camera
L
ey 1\
Vsx = Vo8 (m:;r l’f F.“u"?f) (3.18)

Calculation of the potential resolution of slow-sean vidicon
cameras by formula (3.18) permitted the prediction of values, exceed-
ing resolutions known in broadcast television. This prognosis was
tested experimentally. The test was ca;ried out by multiline globesélig
of maximum contrast, on which it is easiest of all to carry out
photometry.

The results of measurement of the frequency slgnal=nolse ratio

of a slow=scan vidicon camera at various exposures are presented
in Fig. 3.14. The directional amplitude-frequency characteristic of
a type LI~408 slow-scan vidicon (curve 1), measured together with

a2 Industar-50 lens, 1s presented in Fig. 325a Curve 2 1s the char-
acteristic of the Industar-50 lens, from the data of work [77}. The
slow-s8¢an camera on which the measurements were carried out had
a semiconductor video preamplifier (see section 3.7), with a flat
amplitude-frequency characteristic in the information video frequency
band v x: HAvsx= 135 per./mm resolution along a line (or at &, = 1lmm,
we havg Qvg 4. ® 2970 ‘elements per line) was achlieved with an gxposure
of 3 lux-s§§,¢with number of lines z = 1,000 and an output signal-
ncise ratio g 5 = 200 [(781. The symmetrical potential resolution
responded to ES = 2,000 1lines and 2 vqt, 2,000 elements per line on /147
a photo layer,”11 X 11 mm in size, with?a signal-noise ratio of 60. —
Such a high resolution has been unknown in broadcast television
technolegy. However, the figures presented are not limiting. It is
evident from the curve ef Fig. 3.15a that the Industar~50 lens
preatly limited the high resolution achieved. With improvement in
lens or without a lens (as in holography), higher resolution can be
expected of slow-gcan cameras. The principal factors limiting
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reaolutien of alowescan vidiecan eameras at the present time are
the directional amplitude~frequency characteriatica of the electron
optics of the vidlecon and the video signal current noise. Solutlon i
of the problem of increasing resclution of the camera is of great

importance, not only in the intereat of improving televistion image

quality cr of introducing holographic prineiples, but for pullding

cameras of minimum siges, The dimensions of the human eye can serve

as an example. Minimum dimensions extend the possibilities of

inclusion of television cameras in the onhoard apparatus, Moreover,

decreasing the camera dimensions will develop new prospects for

solution of the problems of efficient scanning of large areas by the

camera fleld of view, similar to the scanning accomplished by the

human eye 1in searching for a needed object 1n a large fleld.
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Flg. 3.14 Frequency signal-noise Pig. 3.15 Amplltude-frequency !
‘ ratio of slow=-scan vid con camera characteristics of vidicons: ]
; measured oscillographically by a) 1. type LI-408 slow=scan vidicon :
E means of multiline globe with Industar=-50 lens; 2. Industar-

50 lensj b) 3. Slow=scan vidicon

with regtnm beam, from data of

work [79); 4. lens

In photography, coverage of large areas 1s accomplished by means :
1 of a camera, having photographic film 190 mm and 320 mm wide [35]. i
; : The area of the light-sensitive tayer in vacuum television
' camera tubes l1ls significantly less than that of the photographic film,
A trivial way of increasing the light-sensitive area is construction/148
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off multituye televiaton camerna, However, thin way 18 reatrieted by
perminalible Increnae in dimenaionu, welght and energy conaumption of
the onboard apparatus, Therefope, the poasibility of accomplishing
acanning with the f1eld of view of 1 single=tuhe camera with larpe
flelda of view 1s attracting attentton, The aimplent oxample of g _
syatem, In which aueh scanning Ia neeomplished, 18 o wlow=penn i
camera with mechanieal, seetlonal peanning of the observed £lold with :
a mirror inatalled in front of Lhe camern., A televialon tube
operating cyele tilme must be seleated fop this, M times leas than
the time of chanpge of subJect in the camera fleld of view and,
correspondingly, accoleration of the roadout process, l.e., extending
the video signal spectrum. We explain this by the example of a

system, intended for transmission of images of the surface of some
planet. If the eamera tube operating cycle length 1s made M
times less than th€ tnanait time of the camera from posltion 1 to
position 2 (sec Pig. %.13, the camera can transmit M television frames,
formed by scanning the field of view across the dilrection of its
motion, in the transit time. Scanning of the instantaneous field of
view of the camera can be accomplished, for example, by rocking a
mirror, similar to. the way in which 1t 13 done in a mechanical system
(see sectlons 1.3 and 4.2). The mirrop can be transferred from onc
position to the other during the time of videoinformation readout

from the memory in the camera tube. Expansion of the field of
view of a slow=scan camera by M times 43 achleved by this method,

and 1t 1s accompanied by a M=fold extenslon of the video signal

spectrum. Such a slow-scan method of transmission is called
sectional.

e R A AT W LS i kAT s SO A

Not only 1s transmission of a television image by sections of

- great Ilmportance, but their reproduction, in siow-scan systems,
- : As a rule, the final result of a slow=scan system is television
' photos from the picture tube screen, which undergo detalled

study. However, the process of reproductlion of a television frame in
a2 single plcture tube involves considerable loss of videoinformation,
which 1s caused by a decrease in contrast with inerease in directional
frequency. For comparison, the frequency characteristics of the
contrast in a modern 4Y7LKIB-Spicture tube and 35-mm photographic film
are presented in Fig. 3.16. The quantity 2vg, line/line, where & is
the line length (the line length is taken as 24 mm for KN-1 motion
bleture film), 1s plotted on the abscissa. Tt 13 evident from the

. figure that strong frequency distortions of the picture tube cause

1 considerable losses of videoinformation in reproductiog of televiaion

: images, with a number of eclements in a frame of over 10°, To decrease
losses of videoinformation, i.e., to decrease the drop* in contrast
of high directional frequencies, 1s possible by reproductlon of a

; television frame, for example, on four picture tubes. With this

v sectional method of image reproduction, photographs of a television

; frame are assembled from four photographs, obtained by photographing

: the screen of each picture tube.

? The resolutlion values of a slow=scan vidicon camera were /149
: measured with multiline globes, using a video preamplifier having a
flat amplitude=frequency curve in the information fregquency band.
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In televiailon practice, the soecalled aperture correction 18 used 1n
A video amplifler, which ereates a rise 1n the amplitude~frequency
curve In the high frequency reglion, The aperture corvection gyatem,
a8 the name itsell atates, is Intended for correction of the drop 1in
the directional amplitude-frequency.curve.of a camera tube (1.0.,
correation of the camera tube aperture), The favorable eoffect
shown by incorporation of an aperture correction aystem for resolu=
tlon of two lines was demonstrated in Mp, 2,18, Bringing into belng
the potentinl resolution determined by the two=line Foucault globe
(see section 2.5), 1s accompanled by incorporation of an aperture
correctlon unit in the camera video amplifier. Deviation In shape

of the amplitude=-frequency curve of the video amplifiler from f'lat
poses the problem oy flnding the optimum shape of the curve, To solve
1t, the concept of the optimum Viner filter can be used [28, 451,

As applied to a video amplifier, a Viner filter is specifled In the
followlng manner. The lnput video signal m(t) passes through filter
Kt (f), which 1s equivalent in linear distortion to the camera

t Be. The distorted video signal from filter K, , (1) output, mixed
with noise n(t), enters the input of f1lter-vidks amplifier Ka(f).

A requirement 1is placed on the video amplifiler to amplify the“video
signal, with correction of the linear distortions of the camera

tube. Therefore, the video amplifler must not simply reproduce
function m(t) with minimum distortion, but reproduce the video signal
in corrected form h(t), which is connected with m(t), by means of
operator L: h(t) = L{m(t)}.

The spectral plane of /150
the corrected video signal

P Rl
" os R power
h as T : -5 L
8 ark AN I b:.-(”' ‘munk‘«.”l =
(%) gﬁ e o P \ RN S ] ) . l ( 3 . 19 )
gf;j - o "”‘j'\"; 8o () Rppun® (AP
il B -
802 y where L(f) 1s the transmission
iE”’“ S function of the correcting
; : rrator.,
" et oty BRB R RIS overato
. Signal x(t) at the video
T BaS oTrsateney charactertatios ampn & sutput, with sranes
' ' ! ’ n ecause
motion picture film mission 1unctlo 2

of the linear distortions of

the video amplifler and nolse
n(t), can represent the desired algnal h(t), only with an error, the
root mean value of which

) _
ﬁwym%T\Mm—Nmﬁm (3.20)

'“"'.,.}'

We reproduce the optimum flltration of an optimum transmission
function Kopt(f) obtained in theory, minimizing root mean error

139




(3,20), TIf the condition of the phyaleal fearlbllity of the filter
18 not taken into conalderation and the abaence of correlative
connections between the algnal and nolse 1is assumed, this optimum
transmission function can be expresaed as [34)

: o o L NSl 4
Ragn = e sy (3.21)

In choosing a transmisalon function from formula (3.21), the
rﬁct mean error in reproduction of h(t) reaches its minimum value
(45}

® JIU)'!SH! () Sa(h df'
X SalD) © Salf) (3.22)

win’

A video signal, with varying degrees of noise, which depends on
the contrast of the observed object and the exposure value, enters
the video amplifier input from the camera tube. Therefore, if
the recommendations flowing from formula (3.21) are strictly followed,
the optimum transmission function of the video amplifier should be
automatically regulated, depending on the light conditions of obser-
vation of the objJect and the exposure time.

To engineer automatic regulation of the video amplifier
amplitude-frequency characteristic under various light conditions,
a control signal must be extracted. The use of the measured signal-
nolse ratio from a large detall has been proposed as the control
signal in such an adapuive video amplifier [80). For a given type
of camera tube, the peak signal-nolse ratio from a large detall
determines the maximum amount of information R, in a television frame
(see formula (2.92)) and, therefore, its use ag a control signal is
Justified.

Finding the transmission function of a filter, which is the /151
reverse of filter K t(f), by the 1teration method [81]1, permits
determlination of thg type of correcting operator:

Loty Vgl Koofh) - L g1 VE = Ko (AP (3.23)

Sum (3.23), with an infinite increase in the number of its terms,
tends towards the limit:

| ” [ -.—..1.-.-:-.
,ﬁthdn Kai (3.24)

A value on the order of the highest exponent n of polynomial (3.23)
can serve as an estimate of the possible degree of correction of

140




TR T TN TR TAIT I YT T T TR TR Ty rT T s s AT YT e ommR oo rmmEEmrs omE o A .\..,_,‘_.,,I__... Bra i bt

linear dilatortions of the camera tube, Achlevement of a high
degree of correction 18 hindered by nelse, rise 1n power of which at
the video amplifiler output, with a rise and extension of the
amplitude~frequency characterlatic, leads to an Inerease in the root
mean erpror,

3.4 Television Camera light Sensitivity

oy - oy rw—r—e-

Light senaltivity 1a a measure which estimates the effect of
light parameters (for example, decrease in illumination and background
1llumination) on the excess of the signal-nolse ratio or the thresh-
old value q of the frequency signal-nolise ratlo. Two types of
television Egﬁeras were defined in section 2.6: A camera quasi-
matched with the simplest image and a suboptimum camera for receiving
a complex image. In accordance with this, we discuss estimates of
light sensitivity.

A typical example of & quasl-matched camera is the television
camera used in astronomy for recording stars (point sources of
light) [83). In this case, a scattering circle with effective area
ARt 18 proJected by the telescope lens on a television camera photo
layer. The llght parameters are the illumination E created by the
gtar (point source) in the plane of the telescope lens entry pupil
and the background brightness B,, created by 1llumination of the
night sky and extraneous 111umifation. Depending on the light
sensitivity of the camera, light parameters E and B, provide a greater
or lesser excess of the output signal-noise ratlo 8 over the thresh-

old Upp*

We examine the dependence of the slgnal-nolse ratio q on light
parameters E and B, , initially without taking their spectral char-
acteristics into c8nsideration and then, allowing for theilr effect
on cholice of light filter,

The effective area of the qagpers tube target storage band
AL2 can be found from 1ts direction§¥‘amplitude-frequency char- /152
acteristics (AFC), considering that the directional AFC of the tube
is 1sotrople:

1

) ’\’I . '
.‘.I\'f (vidv (3.26)
[l

where KTT(v) is the AFC of the tube and v is the directional frequency.

If the condltion
AL<AL (3.27)

18 satisfied, it can be considered that all of the light flux from a
point source enters one storage band. In this case, the value of
this light flux
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where E 1a the 1llumination ereated by a polnt source in the plane of
the inlet pupil of the lens, d 18 the lens inlet aperture diameter
and 1 1a the transmilaslon coelficlent of the lens,

The 1llumination ereated on the photocathode of the tube hy a
uniform baekground,

n a
Ei]l ' ":l' t",lll i

1% (3.29)

where B, 1s the background brightness and &. is the focal length of
the lens. £

The light flux from the background in the storage band

S g A
Foo g rBodli——. (3.30)

The average number of photons from a point source in the storage band
in exposure time T

AN -iLutct"I;‘T. (3.31)

where a 1s the number of photons in one lumen per second,

The average number of photons from the background during the
exposure time in the storage band

Ao 2 _‘i‘__
N, TITALR, prel (3.32)
Substituting the values of AN and Wy from (3.31) and (3.32) in

formula (1.3), we obtain an expression for the signal-noise ratio
caused by photon fluctuations:

Eole d l/ E
A A TV
b iy 1oAb (3.33)

We allow for the quantum yileld of the photocathode ¢ £ 1 of actual
tubes and the target noise factor. Considering that the pgain of the
target Ky 1s a random value having a Polsson distribution, 1t can be/1
shown, b?

nolse factor

=]
W ﬁT_n )
T Ky (3.34)
If the galn of the target K, is sufficiently high, which occurs, for

example, in a secon type tube, the readout beam shot noise can be
disregarded, in comparison with the photoelectrnn noises,
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using a complex Poisson distribution [82], that the target
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' ngins ?ha effact of the photoeathode gquantum yleld into oone
aideration, for the cpgse K, » 1, formula (3,33) for the algnal-nolae
ratio takeé the form T ' ) e plgnal -nolae

gor-Joetp ay/ 20T
Vi t A (3.35)
If condition (3.27) im not satiafied and the lnequality
T AB>AL, (3.36)

takes place, thils leads to a decrease in the light flux from the
source falling on one charge storage bang in the tube target, which
is proporticnal to the area ratio Aﬂ%/Anl, and an additional factor
appears in expression (3.35) [83]

E Al /f1?37?7
e — d— —
X V_”*’f TASENY (3.37)

1¢ is clear from Egs. (3.35) and (3.37) that, for a point source,
the signal-noise ratio lncreases in proportion to the product of the
1ens diamter and focal length. The signal-noise ratlo le directly
proportional to the square root of the background brightness. We turn
to the dependence of the signal-noise ratioc on storage band aresa.
Signal, nolse and gignal-nolse ratio vs. storage pand area Ak$ are

shown in relative units in Fig. 3.17. As is clesr from Fig. 3.17, theu

signal increases in proportion to storage band area until it 1s 1
equal to the scattering circle area ARf. Background noise, the roo
mean value of which is proportional to the square root of the number
of background photons, 18 independent of A%%, and it 1ncreases un-
restrictedly with increase in storage pand. A signal-noise ratio
maximum occurs upon satisfaction of conditlon ARY = A%,

3 3

g A

g 8

: 2

3 3 .
; N o =ty a,

Fig., 3.17. Signal (1), nolse (2) and sig-
nal-noise ratio (3) ve. storage band area

In detection of a point source of light on a uniform background,
by e receiver with & threehold resolver, two types of error are
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pogaihle because of atatlistical Pluctuationa: Taking a pandom
noise overshoot as a aignal (false Aalarm) and omimaion of A algnal,
becaune of a random decrease in aipnal level below the threshold,

iqnal It 1a elear from Mg, 3,18 that
falre nlarm with change in backpround hrightness. to
r preserve 4 glven probabllity of a falae

J{?lﬂLr‘LlrI alarm, the threshold level € should chango
. in proportion to the value of efly,

b ! A more nearly correct determination
' . of optimum shape and arcea of the storage
| band in the problem of detection of a
l light spot on a &ray background requires
: - finding the values of (3,31) and (3.32),
'Quuﬂqnlmhd wlth allowance for distribution of illu=
: mination in the spot E(x, y) and in the
Flg., 3.18 fThreshold level background B (x, y) ahead of the lens:
selectiaon - ®
AN nT5:Lbut(_x.y)d.\'dyw\';!‘,!. (', ) h(e—x', y= 'y dy’, (3.38)

{x

ns

gl

N ”7'.\‘.‘. Toukts M dxdy \j Ea(2 Y h(wmX's g—=i1 e’ ', (3.39)
(L) }

vt
where h(x, y) 1s the directional pulse characteristic of the lens

and T t(x, ¥) 1s the transmission factor of the mask on the photo=
cathoag.

We change the order of integratlion, and we deslgnate the con-

volution and, taking the symmetry of the pulse characteristic of the
lens 1Into consideration:

Tt ) = | [Toudlts DA ' — phandy. (3.40)

T' 2n, the photon signal-nolse ratlo i1s determined by the func=-
tional trrom expression (3.40):

Jjuunw)umr.Whuww /155
E ﬂT nnu 1 ¢ (3'“1)
lJ§mﬁwny3ridr.ymuuw'=

i

==

With symmetrical distribution of 1llumination, we can change to polar
coordinates. Then, funetion (3.40) Q0 £ t, _(p) = £ 1, by maximizing
functional (3.41}, rectangular (equal to ( or 1), and radius r of the
storage band is determined by limitation of the differentinml contrast
of the spot with the level, in accordance with the condition
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L] r
Jh (M40 v (R)pdp Jﬁ(pmp

Q-JEL Ll
l¢“np§r (3.42)

®
2 fﬁﬂmna v (P) pelp QJIO(P)M‘

Let ua examine the problem of maximizatlon of A funetionalof type
(3.41) in greater detall, with the example of the dependence of

ratlo (3.35) on wavelength, We take the spectral density of the
background radiance B Q) and the speatral density of the radiation
ereated by a point soﬁrce in the plane of the inlet pupil of the lens
F(x) into consideration [85, 86].

Then, formula (3.35) is reduced to the form
E(M W) r(A)Ad A
l 1 ]

q=l dl/- ‘IhoCoA!a © (3.43)
[Jm(x)r(m(mda] '

where h, = 6.62:10=34 Watt.-sec® is Planck's constent, C, = 3.108 m/sec
is the gpeed of light in a vacuum, t(A) 18 the spectral ‘dependence of
the transmission coefficient in the optics, e(A) 1s the spectral
characteristic of the quantum yleld of the tube and A 1s the wave=-
length in um,

It 1s known that the light sensitivity of a camera can be im=-
proved by incorporeting a light fllter, the t*ansmission coefflielent
of which 7,(2) can have a value within the limits 0 £ 7, (a) £ 1,
into its oﬁtical system. Let us find the characteristid « (A) of
the optimum light fllter,

Taking the spectral characteristics of the light filter into
account, formula (3.43), for the signal-noise ratio, takes the form

"n
\'a. *) rp Q) dA
g=a—"

ihMIMJMMAlw (3.44)

1=
!\.’"l

where » ' {

alp d- “mch), v G ER) T MR, G0 B3t e (WA

We transform formula (3.44) to the form
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6 |8 (8 v (0 1
,fi r-..-’.ﬂﬂ*"
‘? . i T (3.45)
2 May J My (W) m.u"
Al

M -?'f-lﬂ‘!‘.)_. sy i)

where )
UL} d Migg

¢

Tt follows from expression (3.45) that the task of maximlzation of
the sipnal-=nolsc ratio 1s reduced to finding the maximum of the
functional:

§m(h) () dh
yiry ) oo =2 -
|£En(?\)f¢(h)dk.|2 (3.,46)

In other words, that characteristic r,(A) of the light fllter must be
found, at which quantity (3.46) will fave a maximum. This character-
istic will be the desired spectral characteristic of the optimum
light filter.

The light fillter transmlssion functlon sought T¢(A) changes

within the 1imits 0 £ % s 1.

We present the transmisslon function 1n the form

Ty (A) == P{z (M)}, (3.47)

where z{A) is a certailn function of light wavelength; P{z())} 1is the
operator by means of which function z(2) 1s converted into functlon

r¢(A).
We place the following conditions on operator P{z}:

(a) P{z} 1s a monotonic, continuous, differentlatable function,
determined along the entlre numerical axls:

(b) P{«=} e« 0, P{=} = 1,
Tt f'lows from these condiltlions that

art| L dr@)
AT T

d — 2 few

We will seek the maximum of functional (3.46) by the variation
method. Substituting (3.47) in (3.46) and representing function
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z(A) in the form #(A) = #,{(X) + an(A), we obtaln an expreanion /157
for funetlonal (3,46):

\'.».mm-..m b A

" ""l ;l e y ]
il wh) u) . L (3.48)
\nuﬂ.)l'(:,,(h) mq(lndi\.]‘
where 18 a function ylelding the maximum functional (3,48); n(r)

la an a9h11ruryb(uumﬁd functiony; and a ia the varintlonal vael able.

It ts evident that, at « = 0, expressalon (3.48) wili have a
maximum. Therefore,

_“!’..ﬂﬂ__L._(’“ La)

an-0

2 \mm n e :H.ﬁfu s (M PAA - \mm Nk P'dh\m(&) Pda
(I

S S w0
1]

2[ Sm(a)naa]

p;pmmm;raﬁ%%ﬁi, (3.49)

[

n.i_

where

It can be shown that expression (3. 49) reverts to zero with any
funetion n(A), only in the event P'{z. (A)} = 0. In this case,
function z.(x) takes a value of either +=» or -«=, 1nh whlech the change
in value tgkes place ¢ly by a Jump. Correspondingly, funhection (A)
in accordance with expression (3.47), can take only the values 0 o?
Jumplng from one wvalue to the other.

Therefore, we will seek the
SN s NG (V) tranamission functlon of a optimum=-
1ight filter in the form of

&M rectangles (Fig. 3.19). We write
down the following system /158
of equations for finding N rec=-
tangular sectlona of transparency
N~ ) of the optimum filter:

Fig. 3.19 Calculation of resions
of transparency of optimum spectral

light filter Ny N ﬂ‘
| SRICARN Faaddh @)\ ‘ O A (3.50)
lr 1 a‘ l' lu‘
I
.
{ 24(8) \‘ ﬂ gl(’-)lﬁ\v =) Y \‘ j gr(Aydh, 147
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T

3.0 A B

where | = 1,2, . . ., N} a,, R, are the houndartes of' the 1-th
aectlon of tranaparency of the 1ight f1iter,

Separating the equationa in ayatem (3.50) from one another in
paira, we obtain

E.LS.‘-I.L). . & By ;:-—-w ) A -E-Lﬂ!!——) 2, M’fﬁ) TEN ﬂ(fﬁ—)- R
@) mfy) gl a3 (0) #a{oan)  Ra(By)

Tt 1a ovident from this that the limlta of the scetions of
transparency of the optimum light fllter are located at ldentleal
lovels of the sipnal-background ratio (Mg, 3.20) 81(A)/E?(A).

LUy FlA) In this manner, for calcu-

ey f ey lation of the speciral character-
1stics of the optimum light filter,
it 1s sufflecient to solve system
of equations (3.50).

The solution of system
(3.50), in general form, can be

]
e | i carried out by computer.

&, A &, A

Fig. 3.20 Reglons of transparency We examine the estimate of
vs, spectral contrast gl(h)/go(k) light sensitivity of televislon

- cameras reproducing, not a point
object, but an obJect of complex shape. In television, an estimate
of light sensitivity usually 1s carried out from the experimentally
determined light characterlstics. 1In vidicon cameras, measurement of
the light characteristics takes place on a background of video signal
current shot noise and video preamplifler nolse:

2 = 7 n 2 2
InE 2 elSI'e + Ina’ where I

a 1s the video amplifier noise power,

corrected to lts lnput and Inﬁ is the total noilse power at the video
amplifier inlet.

Because of the presence of noise, measurement of the amplitude/159
of the video signal pulse I_, formed by the camera tube, 1s
carried out in the confidenBe interval :Al ,equal to (Fig. 3.21)!

8I_ = qyp I o, Where g 1s the threasholdPaignal-noise ratio, with
a Biven Bgoggbility of’agtection of a video pulse.

Taking a finite confldence interval Into conslderation permita,
first of all, determination of the working exposure range, from '.I‘B_1
to T, of the light characteriatie, as i1s i1lluastrated in Fig, 3.355.
The nu%mrical parameter of the light characteristlc is its steepness,
equal to the derivatlive continuous characteristic:

S(TB) = dT_ /d(TB), A/lux-sec.

The steepness of the light curve permits calculation of the
video signal current from the decrease in illumination AB on back-
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ground B (Mg, 1.17), by the approximate formula

¢
AIS,-.S(TB,,,)TAB at 2+~ consi, (3.51)

stjr | . '
L > - 7
Behy B1im !ﬂthr"’l‘j,&l'i-;' lin
t

Fig. 3.21 Determination of working exposure
range and threshold 1llumination decrease
from 1light characteristics

Thre signal-noise ratio from a large, low-contrast detaill, taking
(3.51) into consideration,

Mg j.‘i’i,@l?_“i
* nE (3.52)
Following sensitometry, which was developed in photography [35],

we plot the light characteristic on a logarithmic scale. The steep-
ness of this characteristic 1s the dimensionless quantity

. dlog?
L dlog lﬁ:
or
Al Apr :
.T.a -y T’F--:‘: 'Yk at k « 1, )
. j (3.53)

Steepness y 1s called the contrast coefficient1 since 1t character-/160

izes the change in contrast by formula (3.53).

Frequently, the threshold contrast light sensitivity, estimated
by the value of the threshold contrast of a large detall reproduced
by the camera, is used. The threshold contrast value of a large
detall 1s found by equating the signal-noise ratio (3.15) to the
threshold value:

1In photography [35), steepness y is called the characteristic
curve gradient, and value of the gradient in a rectilinear section
the contrast coefficient. This separation has not been adopted 1n
television.
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Dy P/nug “fehr

or ALY
ke Yea. . ek Vg (3.54)
Viga Yiop ‘

With increase in background 1llumination, the value of y(B,)
decreases and the value of p(B,) increases, which generates a mfnimum
in threshold contrast (3.54). b1e¢ has already been noted in section
3.3 that, in a slow=scan vidicon camera, a signal-noise ratio
Q.. = 800 has been achieved. At Q = 4 and vy = 1, this should
pﬁgvide for achlevement of a thresﬁgfd contrast in a large detall
equal to:

k= ¢y §¥ Gga= 0.005, (3.55)

The threshold contrast in small details can be determined for a sub-
optimum camera, from the condition of resolution of two small detaills,
by means of equation (2.89). 1In an estimate of light sensitivity of
a8 suboptimum camera from the threshold contrast in small and large
details, allowance for the light spectrum should be included, simllar
to the way it was done above for a gquasi-matched camera.

It 1is evident that prospects of use of television light recelvers
are expanding conslderably, under conditions of bringing to reallty
a calculated potential light sensitivity, exceeding the light sensi-
tivity of the human eye, both for receiving radiation invisible to
the eye and for obtaining a lower contrast threshold.

The latter is being achlieved, by means of reducing the noise
factors of the video amplifier W_ and tube W_,_, inereasing the photo-
effect quantum yield e and 1ncre§sing the ef?iciency of formatlon of
the video signal current Ny

3.5 Porced Erasure of Camera Tube
Target

Forced erasure of charges, remaining on a camera tube
target after a single readout, has been noted above, 1s openlng the

way to storage of larger charges, since it permits elimination of /161

tube persistence. Reductlon in time T of eragsure and correctlon
of the target increases effleciency of Bfe slow-scan method of
video signal spectrum compressicr (see formula (3.5)).

The memory characteristic (see Fig. 3.4) permits evaluation of
erasure of the latert image stored on the target, by means of spread-
ing of the charges over the target and a number of other factors,
under conditions of absence of a readout beam. Inclusion of a readout
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atég;ﬁa af eourse, aceeleraten crasure of
the latent image,

orcad Qarasgure

The time characteriatic of
televislon storage device (Fig, 3.22)
the leading front of which 18 ¢he ator-
age device reﬁgonqe characteriatlc
and the rear, the readout response
characteristice, 1v a major character-~
1stic, determining the stage of a

..k Nmamﬁ_ﬂm%rY,J%T,__ beam and the readout process ttaelf,
I
|
|
|
I
I

Fig. 3.22 T4me characteristic slow=acan operating cycele of

of televislon atorage device the transmitting camera. The cpras-
Ing effect of the readout beam 1s

evaluated by the readout response characteristic, which shows the

decrease 1n amplitude of the video signal 1ln the first, second, ete.,
readout from memory of a stored image.

In supericonoscope and superorthicon type camers tubes,
erasure of the stored latent image 1s facilitated by the fact that,
in the process of erasure, storage of a new lmage takes place. The
erasing effect of a new recording on the old one in these tubes 1s
explained by redistribution over the target of secondary electrons,
knocked out by photoelectrons.

The residual image, which appears in supericoncscopes and super=-
orthicons with nonequilibrium recording, 1s the most serious inter-
ference to storage of a new image on the target in vidicon type
camera tubes. Thils interference can be fought in two directions:

-=- By e limination (even if partial) of the cause of
formation of the resldual Ilmage on the target:
Decrease of readout persistence, by means of develop-
ment of appropriate tube targets and increase 1n the
erasing effect of the readout beam;

-~ By incorporation of a special target erasure and
correctlion operation in the camera tube
operating cycle.

The first direction involves camera tube improvement, and 1t 1s
determined by achlevements 1n vacuum technology, and the second,
camera tube clrcult development.

It 18 simplest to carry out the tarpget erasure and correction /162
operation in the supericonoscope. For this, 1t i= suffleclent to
irradiate the target with a uniform flux of tast photoelectrons (i.e.,
g > 1), over a period of time equal to T,,., at a zero potentlal
difference between the collector and the &ipnal plate. The erasure
and correction time T y can be deercased in this case to the expo=-
gure time, 1.e., Ttt/& v ],
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In the superorthilceon, a tube wlth a two-gided target., the read=-
out and correction operation conaista of irradiation of both sldes of
the tarpet with a atream of fast electrona [87].

i AR e TR s sk s e eeeRescm 3 . o L

The alowest rate of latent Image erasure in the procceas of read-
out of a televialon storage dovice by an electron beam 18 character-
latic of vidicon type camera tubes, The vidicon readout
response 18 determined by the following factora. [arge charpoeas
are accumulated on the photo layer in a vidicon during exposure, for
erasure of whlch by the readout beam, repeated awltcehing of the tar-
get 1s required; thls is caused by the so~called swiltehing component
of the vldicon readout response. Moreover, the latent image f'ormed by
exposure within a semiconductor photo layer, by means of the internal
photoeffect mechanism, does not disappear instantaneously after
exposure, but at a flnite ratej this 1s caused by the so-called photo-
electric component of the vidicon readout response.

i i o

The exlstence of two components of the vidicon readoutresponse

hampers the search for a method of forced erasure and correction,
to provide for operation of a vidicon with a long memory in a slow-
scan camera. For the purpose of simultaneous elimination of

switching and photoelectric readout persistence, it has been proposed
(88] to include a photo layer erasure and correcticn operation in the
vidicon operating cycle, consisting of two successive stages:
.. Illumination of the photo layer by uniform light from an illuminator
: and rapld swltching of the photo layer by an electron beam with a
current of maximum amplitude. 1In this case, the advisablllty is
assumed of changling the accelerating voltage between the signal plate
and the cathode, during rapid switching of the photo layer by the
electron beam, as well as the possibility of installing a second, more
powerful electron projector in the vidicon.

Development of the erasure and vorrection operation was & major
stage in experimental research in the field of use of a long=-memory
vidicon in the slow=scan method of 1mage transmission. It per-
mitted designers of slow=scan cameras, using only one type of
long-memory vidicon, to build slow-scan cameras wlth tube
operating cycles of various lengths, By means of the erasure operation,
it became possible to build a slow=-scan television transmitting
apparatus (single-tube or multitube), which has a time cycle changingl63

according to program, for the purpose of observation of obJects with
various rates of motion,

As an example, we present a structural diagram of a 8low-
scan ¢amera (Fig. 3.23), with a vidicon type camera tube, the
prospects for use of which in space television are especially high,
by virtue of 1ts small size and gimplicity of insuring unattended
operatlon. The presence of a controllable photoshutter, auxiliary
vidicon photo layer illuminating lamps, camera mode program control
unit and narroweband video amplifier, having an optimum vidicon load
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lans realatg nee and optimum tranamigsion
Bhutter funetion, are gpeceifie for thia eamern,

-amall lights The propram control unlt formg pulses,
F‘mm&%ﬂ‘iing&ﬂeﬂﬂ%mg whlch enter the photoshutter, photo layer

11luminating lamps, alpnal plate and vidi-
con projector (to inereane the heam current
ﬁg PI%leer during corrcctlon) and seanning. In the

correctlon process, scanning 1a presorved,
and the acanning rate of the swit¢h-
1ng beam inercases sharply, for examplo,
_ by means of supplying a sinusoldal voltape,
S YT with a frequency a hundred times greater

nyg than the line frequency,

c aa
Jenerptor

Flg. 3.23 Structural
diagram of slow=-scan
vidicon camera

3.6 Storage and Readout in System with
Controllable Field

The capacity of a camera tube target to store large charges
can be increased, not only by means of developlng a new type of target,
for example, through use of thlnner storage films in the tube, but by
means of 1ncreasing the intensity of the potentials in the large and
small detaills of the latent image. Intensity of the potentials of the
latent image stored on a target dependson the field created around it
by the stored charges and potentlials on the tube electrodes. The
fileld strength in the reglon of the target is determined by the po=-
tentlal differences (see Figs. 1.7 = 1.11):

== PFor vidlcons, on the plate Usp and thermocathode Uc;

~~ For superorthlcons, on the collector grid (target

grid) Utg and thermocathode U ;
-= For supericonoscopes, on the cylindrical collector /164
U and the signal plate U__.
ce 8p
Depending on the type of camera tube, one of the three

potentials U__, Ut or U can be selected as the fleld controlling
potential U _%¢ To®BreserWR the menerality of the dlscussion, we will
call this tfie control potentlial U_. The program unit controlling
operation of the slowescan tPanamitting camera (see Flg. 3.23)
shifts the control potential U  durlng the cycletime, and it estab-
Jigshes the value of U separatgly for storage, readout from the
memory and target erasure.
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We conslder the effeat of the control potential In the
camera btube on the gtorage proceans. The mechanism of accumulation
of charees on the supericonoscaope and superorthicon target 1s
characterized by zreat similarity in the part using the secondary
electron emlssion phenomenon (a » 1), The difference in the super=
leconoacope and superorthicon atorage sectlons 18 reduced to a differ-
ence in shape and location of the secondary electron collector:
It 18 cylindrical around the supericonoscone target and in the form
of a grid located next to the target in the superorthicon, If
the target has an initial potential U1 before the storage process,
by selection of the control potential Bc on the cylindrical collector
in the superlconoscope or on the target grid in the superorthicon,
an accelerating voltage U, = U can be created, for removal of
secondary electrons from ghe t&gget during storage, Thls atorage
mode with removing field, which significantly decreases redistribu-
tion of secondary electrons over the target, is called nonequilibrium
registration [89). Establishing nonequilibrium regilstration condi-
tions in the supericonoscope and superorthicon permitas:

-~ Increasing the lmage potential intensity wlth a
glven exposure and a given contrast, by means of
linearization of the storage device response
characteristic and use of targets with a large secondary
emission coefficient;

-= Increasing the maximum image potentlial intensity
under condltions of corresponding increase 1ln exposure,

An 1increase 1in the control

potential U_ is accompanied by

- gradual satfiration of the secondary
eiectron current from the target to

- the collector, which c¢reates non-

a criticality in selection of control

Lo

1]

potential values (on a eylindrical

a7 fo collector and a target grid) during
voltage, V the storage (exposure) time. 1In a
Fig. 3.24 Decrease in image number of cases, there may be

potential intensity on super=- interest in bulldup in a braking /165

iconoscope target for storage fleld (U = U,n) < 0, 1n which
of charges in a braking fleld secondar§ eleégrons are returned to
the target. A graph, reflecting the
decrease in image potential Intensity AU on a supericonscope target,.
with decrease in control potential Uc on the cylindrical collector,
from 0 to «100 V, is presented in Fig, 3.24 [70]. As is evident from
the Jigure, in a strong braking field (U_ ~ =100 V}, the decrease in
image potentlal intenslity 1s slight. ™his is evidence that inter-
element redistribution of secondary electrons on the target plays the
principal role in the storage process in a strong braklng field., The
presence of interelement redistribution 1s confirmed by the form of
the video signal from black-white Jumps, which becomes differentlal.

The material presented on nonequilibrium registration in the
supericonoscope and superorthicon refers to vidicon, although the
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’ storage process in thease tubes doed not use the seacondary emisslon

) phenomenon, but the internal photeoeffect, An inerease in control

i potential on the vidicon gignal plate (U = U ) relatlve to the

. aathode, from 10 to 100 V causes an Inorfane TR potential Intenslty
in large and small detalls of the image bhelng ntored, With increase
in eontrol potential U_ to 100 V, the video algnal 1s conalderabhl
distorted by interferefice from the dark currents in the target [3%].

The value of the control potential U_which the slow=-acan
camera program control unit sets ‘uping s%orage, is qulte un-
eritical., The eriticality of setting the control potential lIncreasc
sharply in changing to the proceas of readout of the stored image.
We conaider the effect of the control potential U, on the readout
process, We return to formula (1.8) for this. TRe control potential
U, together with the average component U of the potentlal image
pgrticipates in creation of a constant f13Y§ around the target and,
thereby, affects the video slgnal amplltude

LO=SW—ENAU I (3.56)

where In is the readout beam current,

It follows from formula (3.56) that, by regulating the control
potential U  (i1.e., by regulating the steepness S), the video signal
amplitude cén be changed. 1In order to reveal the pattern of this
effect, the following relation was obtained experimentally [70]

’ B _ A U = coﬂs’(.
-i:ns;(“ * = (P (Ifc EAG ’" ™ C()nst.

The experiment consisted of estimating the change 1n amplitude
of a video signal formed in memory readout by a beam I_, of a constant
potential drop on the target AU, at different values 8f the control
potential U . Measurement results applicable to readout by the hard/166
peam in the“supericonoscope (U, = U_ ) are presented in the form of
the graph in Fig. 3.25. 1In thése m@ﬁsurements, constancy of the
potential drop AU and background potential Ug was achlieved by main-

taining constant stordge condltlons on the

o target. The potentliel drop formed from the
g edge of an opaque black strip, with a wldth
o of 0.1 line length (1.e., U¢ » 0), at constant
.45‘0 exposure BTe « 2 lux*sec.
gﬁ )I The experimental curve in Flg. 3.25
Y ettt demonstrates the existence of an optimum take-

My plhag?y? ¥ 0 off fleld, l.e., existence of an optimum velue
of the control potential U , a4t whieh the
Fig. 3.25. Super-

¢ opt
amplitude of the video signag generated 1n
conoscope readout
efficiency. the memory readout

lFor simplicity, we assume U = 0 for a vidlcon or suporthicon
and that UBt s 0 for the supericoﬁoscope.
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process reachesn a maximum, The memary readout, with a contraol

voltage I » I op U <« @ 18 accompanied by a decreane 1n
viden aigﬁal aﬁp??&uda. BFQHNSPORP.PﬁGULtiﬂn In vesdout ef'fletency,

The eoncluslon as to the existence of an opt.lmum f1eld for the
readout process holds true, not only with reference to readont by a
hard beam, but to readout hy a soft beam (secondary emisnion goeffl-
elent leas than one),

Since, In the process of
readout of a latent Image, the

i Y X readout beam encounters potential
——t AU,”W drops AU at different background
o A potential levels U, 1t 1s
" L. evident that the oftimum value
T of the control potential U 't
v— ‘ — must be regulated during tfe®f

readout time, in accordance with
Mg, 2.26 Explanation of necesslity the change 1n background potential
of regulation of control potentilal U, (Pig. 3.26). Retention of a
in camera tube cOnstant control potential value
cannot provide maximum readout
efficiency for low-contrast details at different background levels
from black to white.

Settlng the control potential U, at the optimum, relative to 167
the level of the background potentiaf U, , on which an image detail
being read out 1s located, with a poten@ial drop AU, is a means of
"subtracting" the background. Tnhis subtraction guarantees formation
of the maximum video signal from low-contrast detalls on a bright

background, i.e., it increases the contrast sensitivity of the tele-
vision system,

3.7 Slow=Scan Camera Video Preamplifier

A televislon camera video preamplifier must guarantee the required
amplification of the camera tube video signal, in the assigned
video frequency band, with a minimum noise factor, Design cf a video
amplifier can be arbitrarily divided into three stages:

1, Belection of type of video amplifier input cascade
and calculation of camera tube load resistance:

2. S8election of method of deaigh and calculation of input
circult linear distortion correction cagcades;

3. Calculation of video frequency band and video
amplifier nolse factor,
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W7 We ohtaln the oalewlation formula

far the nolge factor of a video ampilfiep
with a pen Juncetion fleldeeffoet transine-
tor Input cascade, A aiapram explatne
ing dertvation of the pnolape factor formuln
1w repreaented 1n Mg, 3.27, "The nolae
] of the fleld=effect transintor ig rPopYQ-

M Q07 ‘ sented In the form of a serles
}igid35§Z0cglg§§2gig£ov Aenerator of notne voltape e and a

: s mrtm e y 10 parallel penerator of notpe Burrent 1.
Input caseade of video [90] 1
amplifiler .

For caleulation of the video amplifior noisc factor, the ghape
of 1ts amplitude-rrequency characteristie (AF'C) must be known. We
select a f'lat AFC to the upper frequency limit T sy beyond which the
AFC decreases smocthly. Sueh a video amplifier &}Tl have the equiva~
lent frequency band Fo = bFlim (sce section 2.5).

We find from the diagram in Fig, 3.27 that the gquare of the
noilse current led into the output of a video amplifier with a flat
ATC

’ drTe e (R Cp
I”:mﬁﬂﬂ-[ﬂ+@_;gL;1#

where k = 1.38-10'23Jou1e/6egree is the Boltzmann constant, T©

18 the absolute temperature, i_ is the equivalent root mean noige
current of the field-effect trQnsistor with an open input c¢ircuit, /168
e 1s the equivalent root mean nolse voltage of the fleld-effect
tlansistor with 2 short circuited input circuit, RL is the tube load
resisténce, w = 2 §f 18 the eyclle frequency, C is“the input capaci-
tance of the amplifier, with the tube capacltance taken into account.

With high tube 1p9ag resistances in the medium and high frequency
region (wR C)2 » 1, expression (3.57) is simplified:

,
. wi NG . .
T ’R-iu r, |- 5’ 1 -1 &2 ( )Y df. (3.58)

We find the value of 15 from the static cutof? current 1 a of
the fleld=effect transistor, by means of the Schottky formula®

W 2"‘100 (3-59)

where e 1s the charge of an electron.
Substituting (3.59) in (3.58) and dividing Iﬁ, by the video

signal current shot nolse, we obtain an expression®for the video
amplifier noise factor
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¥
L i ' " \ :
“'L Foo-Q0dods | Jcﬁ(m(.]‘*d{ (3,60)
W, 1o —
Qﬁlﬂﬁp
where Iz is the video algnal amplitude, determined from the Lipht
characterintic of tha vidleon,

Tt 18 elear from expression (3,60) that, with gpaclfic input
cancude parumeters, Tgo, on and C, 4 veduction in the video amplifiex
nolgse factor can be achieved, by means of lnereasing the tube load
resistance to, values close to the internal renistunce of the trang-
mitting tube. The transmitting tube internal resistance depends on
the target capacitance, readout rate and size of the active wsectlon of
the readout beam (see sectlon 3.3). Therefore, in each gpecif'le caue,
the tube load resistance should be selected as & compromise between
permissible values of 1t relative to the camera tube internal realet- ;
ance and reduction in the thermal noise power of the registance. |

If the tube internal resistance is high, gelection of the load
resistance can be made from the conditions, in which the resistance
thermal noise power 1s 2.5 times less than the video amplifier input
casecade inherent noise., Further reductlon in the resistance thermal
noise power, neglligibly decreasing the pesulting video amplifier /169
noise factor, leads to an unjustified increase in load resistance and
to complications of correction of the input circuit frequency dls=-
tortions. Setting the terms in the right side of expreasion (3.58)
in & 1:2.5 ratio, with allowance for (3.59), we obtain a formula for
caleulation of the load reslstance

10k T Fo

!eL P. *
2ok k| eh@CNY (3.61)
]

We substitute formula (3.61) in (3.60) and, after certain trans-
formations, we obtaln a formula for calculation of the nolse factor

. £e
2 ¢ koot :-*L.. Y Awepdf
1]
2e (':?) Fe
¢

The results of calculation of the nolse factors b% formula (3.62),
for typical values of the parameters C = 25 pF, Igo *® «10"11l A and
en (curve 2, Fig, 3.28) are presented in Fig. 3.12.

Analysis of relation (3.62) shows that there ls an optimum value
of the video amplifier equivalent frequency band Feg opts 8t which 1ts

Wa -1.0-1.4 (3.62)

lIf the tube capacitance Cgt 1s greater than the input capacltance
of the amplifier (g, reductlon in the video amplifier nolse faccor
can be achleved by parallel connection n = Cyy/Cy of identlcal
input cascades.
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£ !{)_"’?V/ H e e rerre
it ,[ ! f“ 1] nolse faator Wy, 1s at & minimum. In
NN ] l“ the first approximation, not taking
L W\ ,;I i| . function epn(f) into account, and
\+w _ ||i fal equating the first derivative of
M“T;hJ —+ TN | ;_%; - neise factor Wa(Fe) to zero, we obtain
TR lJi,
! LTINS . IETATT :
| ;!f”T“+} LTI Frope v, b ige (3463)
] LLLL, m..J.J.f .,lt.l -

il L i Wiy

e It 1s evident from expression
(3.63) that the optimum value of the
video amplifier equivalent frequency
band dependes only on the input cas-

Flg. 3.28., ‘'l'ypical cuprve of
equlvalent nolse voltage ep
of fleld-effect transistors
with two types of p-n junc-

tion (1,2), 6N28B-V tubes cade parameters,

(3) and & 6851N-V nuvistor An inerease in noise factor (Fig.
(4) vs. frequency with short- 3.12) with narrowing of the frequency
circuited input. band Fg < Feg opt, 18 connected with

the dominant role of the shot noise
of the cutoff current oo and, with broadening of the frequency band
Fe » Fg opts With the fleld-effect transistor channel thermal noise en.
The value of Fg gpt (see formula (3.63)) can be increased only by /170
means of a decrease in the video amplifier input capacitance and
the fleld-effect transistor noise.

We compare the conditions of acnieving the minimum noise factox
in a slow-scan video amplifier, with different types of input cascades.,

A reduction in the cameras tube signhal current in the slow-scan
mode leads to a situation, in which the input cascade leakage current
can prove to be comparable to the sigral current. In this case,
the leakage current shot noises will prevall over other nolse sources
in the input cascade, limlting the decrease in video amplifier noise
factor. To eliminate this limitation, it is sufficlent to have the
video amplifiler input cascade leakage current a factor of 1-2 less
than the camera tube signal current. With & slow=-scan vidicon sig-
nal current on the order of 10-9 A, thls requirement is satisfled
only by electronic tubes and field-effect transistors.

Typlcal results of measurement of the grid current of electronic
tubes and the cutoff current of & modern fleld-effect_transistor
with p-n Junctlons are given in Figs. 3.29 and 3.30.1 Analysis /171
of the measurement results shows that the cutoff current of the
fleld-effect transistor at moderate "dischage~discharge" voltages
(Ugq = 10 V) and electronic tube grid currents at high negative
voltages on the grid |Ug| > 2 V, are between 10~10 and 10-11 4,
over a wilde range of change in input signal.

1MOP trensistors are not consiuered, because of the poor nolse
parameters e, and 1,, compared with those of field-effect transistors
having a p=n Jjunection [91].
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Fig. 3.29 Typical curve of grid
current va, grid viltage &
of 6N28B=V tubes (1) and

6S51N-V nuvistor (2) at Uy =

4o v, U, = 6.3V

Another parameter defere
mining the nolase factor nf a
video amplifier 18 the equi-
valent nolse voltage e of the
input caseade, Tn narfowing the
frequency band in slow-scan
systems, A significant limitation
on decrease In video amplifier
neise factor 1s introduced by
that region of the nolse power
apectral density, which 1s
caused by the flicker effect In
an electronlec tube or by excess
noise of the 1/f type in semi-
conductor devices,

Typical results of measure-

ment of the equivalent noise
----- voltage e_ of electronle tubes

S
T = are and fieldZeffect transistors of
! ‘f’ o " two types, with a short circuited
Ve 4 [ input, are shown in Fig. 3.28.
' 24 o The equivalent noise voltage of
. /d':.“f 1
L gl T IREE EXE s o the electronic tubes was mea-
- . “T?’{ sured under conditions of small
i S B R i R B grid currents.
i
_ - il The equivalent noise

U qViE 12 08 -0 0 4 0 R BUsg, resistance frequently is used as

a calculation parameter,
characterizing the nolse pro-
perties of a device. This
has been Justified for a wilde

Flg. 3.30 Typical curvz of shuteff
current I of a modern silicon
field-efrEft transistor with p-n

Junction vs. "shutoff discharge"Ugy

frequency band, where the
and U "discharge-discharge" ’
voltaggs: 10.. =18 V3 2,U.. = 15 V3 flicker effect and excess nolse

- d = ,d can be disregarded. In a

3'Udd 10 v? “'Udd > Vi 'Usd =0 narrowed frequency band, thelr
effect must be taken into account,

Calculation of the equivalent noise resistance

shows that, with decrease in equivalent frequency band from 105 to

103 Hz, the resistance R of a field=-effect transistor (curve 2, Fig,.
3.28) increases from 180 to 1600 ohm, and R_ of the nuvistor (ecurve
4), from 1000 to 4000 ohm. A sharp change ¥n the equivalent noise
resistance creates indeterminacy in calculation of the nolse factor
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of narrow~hand, slow-ncan Video amplifiers from the value of R,
Use of the equivalent nolse voltage e_ 1n calculation formula
(3.60), with mecount taken of 1ts deplndence on frequency, permits
the value of an actunl video amplifier nolse factor 1n a given
frequency band to be ohtalned,

1t 1s evident from Flgs. 3,29 and 3.30 that, at comparable
values of the grid and cutoff currents (4.10-11 A), the equivalent
nolae voltage 1n modern fleld-effect transistors is approximately
half that of electronic tuben,. Consequently, to achleve o minimum
nolse factor, use of fleld=-evfeet transistors in the output cas=
cade of a slow=scan system video amplifier 1s preferable,. /172
Narrowing the equivalent frequency band of & video amplifier
is accompanied by monotonie increase in the tube load resistance
(see fogmula (3.61)). The value of the tube 1oad resistance at
F_ & 10”7 Hz reaches several hundred megohms, which requires an effec-
tiIve correctlon of linear distortions of the input cirecuit.

Two methods of bullding
correcting cascades are known: With
frequency-dependent negative feed-~
back in the emitter circuit (Fig,
3.31a) and with a frequency-
dependent divider 1in the base
circuit (Fig. 3.31b). The
: criterion for selection of the
Fig. 3.31 Diagram of correcting construction method can be the fre-
caacades quency band, in which the cascade

accomplishes the correction, and
the magnitude of 1ts noise factor. For the reglon of the operating
frequency of a slow-scan system, analysis of the diagrams in
Fig. 3.31 1s easlly reduced to expressions, suitable for practical
use,

The frequency and phase characteristics of the input eircult of
the video amplifier have the respective forms:

||l([' actan ine ( 3 . 6 )

-..‘:l_ Ty

where T4n = RLc 1s the input circuit time constant.

We find the frequency and phase characteristics of the correct-
ing cascades in Fig. 3.31, for the case when the internal resistance
of the 1nput signal source 1s considerably less than the input
reslstance of the correcting cascade, and the correcting cascade load
serves a. 2 hlgh resistance, shunted by small capacitance . In
practice, it 1s easy to satisfy these conditions hy connection of
an emitter repeater at the input and output of the correcting cascade.
Then, for the diagram in Fig. 3.31la, the frequency and phase char-
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acterlatioes, reapectlvely, are;

]

‘ e Reg
TR e we
Reg | gl I gy
" ull (q 66)4-—1
o g
| w ‘
gif)  arctan— di S/
Re 11 g
where 1 -R C and r, 18 the differential resistance of the emitter
Junctiofi, ©
For the diagram in Fig, 3.31b:
&
- e B
K{f) “~—¥&;- ; = AL
. Ry ! T o)t ] "1 (o )2 (3.66)
—t
o - artan—tlw)?
R
R L} {wry)e
where Ty = Rlcl'
By satisfying the inequalities:
S SO R ) (3.67)
Il w1 * " Re Db fon 7 &,
and
R R (3.68)

the frequency and phase characteristics of the correcting cascade
in Figs. 3.31a and 3.31b take the respective forms

KU) ) ‘1 (o), @‘(f) iftam t, (3.69)

= =
where ¢ Tl Te

Making ¢ =1t n* we obtaln the correction of the frequency and phage
distortions of the input circuis.
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Inequallty (3,68) 1a easily satiafled 1n practical clrcuits,
but inequality (3.67), only in A reatricted frequency band, We find
the frequency band, 1n whieh the cancades accomplish the correation,
from the condiflons, when the drop in frequency characteristies

§3é35)1and (3.66) at the upper 1imit (compare with (3.69)) fquals
PR Y -

K ..J .
kgy va (3.70)

Substltuting expression (3.69) and, in turn, (5.65) and (3.66)

in (3.70), after certain transformations, allowing for condition
(3.68), we obtain the respective expressions
L (3.71)
/.'lim 2ialgig )
l
2 ITRT (3.72)

At frequency f 4m* the 1input resistances of the correcting /174
cascades, allowing L satisfaction of condition (3.68), are,
respectively:

Rjn f'b{ hrbf""-'ﬂf. (3'73)
R,
Rn R, (2.74)

where Ty 1s the transistor base resistance and B8 is the current gain,

Under condition C_ = C, and equality of the output resistances
of formulas (3.73) ande(3.7&) at f.,., the frequency band (3.71) of
the cascade with frequency-depende%é negative feedback in the emitter
eircuit 1s g times wlder than frequency band (3.72) of a cascade with
a frequency-dependent divider in the base cireuit, If C, < C s the
gain decreases. Taking the simplicity of the eleetrical-eircfiit into
gccount as well, use of the cascade in Fig, 3.31lafor correction of
linear distortions of the input circult 1s more advisable.

If one correcting cascade 1s insufficient to obtain the assigned
video frequency band, several such cascades can be included. The
time constant = of the feedback circuilt of each succeeding cascade

is found from tﬁg value of the limiting frequency of the preceding.
cascade:

! 1
Tek 2 “E‘_n{::“ !

where k=1, 2, . . ., m,
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In using the correcting cascade of Fip, 3.31a, the asalpned
viden amplifier frequency band can he obtained hy the sequential
connectlon of a correcting cascade of realatance R!', wlth non=
shunting capacitance, In the emitter elrcult. Thﬁelimiting frequency
of guch a cascade is decreased to a value of

|
Nim (3.75)

are pl o= + R,
where o r R

The total phase and frequency characteriatics of a corrected
video amplifier, with allowance for the frequency and phase char=
acteristics of the input circult (formula 3,64) and the correcting

cascade (formula 3.65), upon satisfactlion of condition (3.68), will
take the form:

.
Kih: NN YN

¢{f) - arctan—. NERLL SR .-m-tanne

& ~{mT)?

The steepness of the drop of the AFC of such a video amplifler
beyond the limlting frequency f 1s proportional to the first power
of the frequency, and 1its phase éﬂaracteristic 1s nonlinear.

There are several methods of forming a video amplifier linear /175
phase characterilistic, One of the simplest 1s connection of a I-form
low=-frequency filter at the video amplifier output (Flg. 3.32). 1In
the no-load mode, the frequency characteristic of the filter

l(du (f ) - ‘"‘."‘:‘.‘.‘,'_‘;..‘f"-{...,“...’.._..:]..’-“ L)

(.fl_‘”.. A
Fonl@ (3.76)
where fO = ':th; 1s the resonance frequency of the circult,

| Vigitly

Ry =

is the Q factor of the circult (R 18 the output resistance of the
preceding cascade).

’f.qa /
o_::}_h¢n$~174 The phase characteristic of the filter
o o ¢ () “mmwan"—juiﬂmr-m (3.77)
Fig. 3.32 Tr=form low- Q(-ﬁ- e

frequency filter
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ia close to linear with a aireult @ factor Q = 1//2,

If the frequency band of the corrected yideo amplifier fq » f
ita frequency and phage characterlistics wlll be determined by e
frequency and phase characteriatics of the P=form f1lter at 1fta out-
put. Substituting the value @ = 1//3 1n (3.76), we find the total
AFC of the video amplifier

0\

K (; ~i;;y(}_r . (3.78)

The steepness of the decrease 1n AFC of suzh a video amplifier
beyond the 1limiting freqguency fo is proportional to the second power
of the frequency, and 1its phase characteristic (3.77) 1s linear.
Integrating [92] expression (3.78), we find the value of the equivalent
video amplifier frequency band relative to the 0.707 level: F = 1.86f0.

N
b

Fig. 3.33 Diagram of video preamplifier of slow-
scan vidicon system
An example of the design of a video preampllfier for a slow-

scan vidicon camera, with equivalent video frequency band F_ = 0.12MHz,
is presented in Flg. 3.33. The flrst cascade T,, a type KP303 fleld-
effect transistor, has a gain of 10. The vidic&n load resistance,
calculated by formula (3.61), included in transistor T, cutoff circult,
equals 200 Mohm. .Correction of the linear distortions”of the input
circult 1s accomplished by cascades T3 and T.. The frequency band
(3.71) corrected by cascade T, is 4.47kHz ané, by cascade T., 0,7 MHz.
The gains of cascades T, and are ldentical and equal to 1.2. The
limiting frequency of tHe P-fofm filter at the output of the video /176
amplifier f = 65 kHz. The nolse current to the video amplifler
input 1s ¢,8.1012 A, and the video amplifier noise factor, at a
vidicon signal current, I; = 2:10=% A, equals 1.6.
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3.8 Video Signal Progesaing in
Inferficdfate Video Anplitier

The limitation of the peak pawer of the onhoard radio transmiftep
makes the problem of effective use of its dynamie ranpe urpent.. This
problem 1a solved, by means of speclal video sipnal processing
syatems 1n an Intermediate video ampllifier, following a video Pre=
amplifier with aperture correction, Video signal U (t), of arbia-
trary shape, with a duration of several lines 7T 4 s entering the
Intermediate video amplifier input, is presente& 5 Fig. 3.34a,

Video signal U _.(t) has a white envelope Uw(t) and a black envelope
Uu.(t), We detggmine discrete values of the envelopes at moments of
tEme kit in the following manner: Uw(kAt) = max {Ucl(t)} at

LE AL RAL, (gl ) - min{lyy(D), £ 1, 2., where At 1s the regulated
interval, '

The largest and smallest values of the video signal U_., (¢) are
reckoned on the basis of return slgnals in regulation inte%%al At,
which can be equal to the duration of several lines, one 1line or a
part of it. Interpolating the discrete values, we obtain continuous
envelopes U (t) and U, (t), which charactcplze the degree of efficiency
of use of tHe dynamic~amplitude range. Having obtained the values of
the video signal envelopes, 1t can now be processed, which is /177
written mathematically, in the form of the expression [93, 94]

Ual) Wt = Upir)] oo tlovage
al) Waw m”lmwdmm (3.79)

where U .(t) and U__(t) are the video signal voltages at the input
and outﬁ&t of the fﬁtermediate video amplifier, U is the greatest
value (amplitude) of the video signal in the tranfim®881ion time.

The first processing operation, accomplished by formula (3.79),
is ecalculation of the equivalent limitation and Ssubsequent fixing of
the video symbol with respect to envelope Ub(t) (Fig., 3.34b). The
limited video signal in Fig. 3.34b does not“contain a black envelope.
The second processing operation by (3.79) is division of the /178
limited video signal (3.34c) by the difference of the two envelopes.
As a result of uvhe division, the video signal takes the form shown
in Fig. 3.34c. The video signal in Fig. 3.34c has a distorted shape,
with respect to the input video signal in Fig. 3.34a. However, these
distortions, which frequently are permissible, provide for more
effective user of the dynamic range. Moreover, discrete values of
the U _(t) and U, (t) envelopes can be transmitted by an auxiliary
narrof-band rad?o channel or even simply, by means of modulation
of the synchronization pulses at che receiving point. Then, signal
processing can be accomplished at the recelving point, which 18 the
reverse of that which was done by formula (3.79), and these dise
tortions can be eliminated.
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o
ity 7 The sipgnal proeesfling, |
. vt R i | B dane acaording te formula (3.79),
o ._,-" 15 put into practice with a video
'ﬂﬂ-ﬂm loop automatie parameter refgu-
JHM‘H- : q[thJl latlon eireuit (APR), combining
I T 1P § N, F J— ¥ A
H() 1-71-1']
@mqw$,m_,__,,

automatic video signal cutoff
level remulation  (ACR) and
nutomatie regulation of ita galn
BEPT | BTl (AGR), Automatic cutoff level
repgulation in essonce extracts
from the video sipgnal preclsely
that part of 1t, which 1ls in-
cluded between the envelopes,
Measurement of the value of the
black envelope 1s provided for
in it,which is consildered the
current parameter of the video
gsignal, and control of 1t, by
means of level cutoff, which is
the video amplifier parameter.
Automatic gain repulation (AGR),
as is well-known, stabllizes the
amplitudes of slgnals entering
1ts input. A device for de=-
termination of the difference
1n the envelopes U (t) = Ub(t)
and control of 1t ﬁy means of
T the video amplifier pgain 1s
provided in 1t. The envelope
Fig. 3.34 Processing video signal difference determines the change
in intermediate video amplifiler in gain over time, according to
the formula

, Ue mat
f C —————aat  n——

In this manner, these signal envelopes are controlling guantities in
the automatlc parameter regulation circuit, which act on the corres-
ponding parameters of the video loop.

The presence of 2 video signal excess permlts conatruction of
an automatic regulation circuit, with prediction (extrapolation) of
the video signal parameters. TFor example, in broadcast television,
with hipgh interframe excess, these video signal paramcters of a
transmitted frame permit the video slgnal parameters of the succeeding
frame to be predicted with a hipgh degree of accuracy. In glow=

television systems, for which the absence of interf'rame excess
ig characteristic, prediction of the parameters in the repgulation
interval At, equal to the frame time, is impossible. Therefore,
devices with by-the<line prediction of parameters are used in slow=
gcan systems; a high Interline excess, inherent in all tele=-
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vision systems with rectanpular pggter And lmeage digoretization 1n
the frame direction, 18 used in them., In aueh devieea, the video
cehannel parameters, 1n transmission of the video algnal of the Kk=th/179
line, are matched to the parameters of the preceding algnal of the '
(k=1) line, with aceount taken of probable predletion errors,

Automatice parameter remulation of this elasa 413 atatiatleal, 1n the
nature of the conneetlons hetweon the s8imnal pearameters and channel
parametera, .

The clang of auntomatic parameter regulation devices, in which
the connectlon between the channel and sipgnal parameterd are deter=-
minate, {or example, those assembled according to a scheme wlth
preliminary image scanning, are among the determiniatic devices.
These devices are used 1In intraline automatic parameter regulation
devlces, characterized by small regulation intervals At < T

]
permltting use of existing line delaysor a video signal be}épg its
transmission.

Measurement of the two envelopes and processing of the signal
by formula (3.79) leads to complication of the onboard apparatus.
Sometimes, for purposes of simplification of the apparatus, 1t is
useful to limit onesell to extractlon of only the white envelope
Uw(t) and accomplishing incomplete processing by the formula

- Mewmx
Ucﬂ(.t) Ucl(t) U (3.81)

Putting sighal processing by formula (3.81) into practice is simpler,
and it 1s accomplished, by means of automatic regulation of only one
intermediate video amplifier parameter, its gain. The video signal
formed at the output is shown in Fig, 3.34d.

A high correlative connection between the low=frequency signal
envzlopes and the low=frequency component of the video signal
spectrum corresponding to 1t in frequency is characteristic of
certain types of images. This circumstance permits creation of
simplified automatic galn regulation systems, which are controlled
directly by the low=frequency components of the spectrum of the video

Signal itselrf.
trellablecascade
by [cun rolla lr Compression of the dynamic range
o or - fre ¢ s of the video signal through suppres-
| Nt slon of its low=-frequency envelopes,
Lu-----m----h--n--m‘r_ﬂf_@%{{gr- is accomplished by means of auto=
OO T e P or tic parameter regulation, a
t¥ol d ! ma p & s
G{bn e °"i"£° ] structural diagram of which is shown

—1———-IPM TEN o33 I in Plp. 3.35. The system includes

i ' controllable video loop cascades and
b e o e o e a control device. The controllable
Fig. 3.35 Structural diagram cascades contaln a series-connected
of intermediate video amplifler 1imit control (LC) and amplifier
automatic parameter regulation control (AC),

system
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The it control, acted on by the blaek level conten) alpng | /180
(U ) ehanpes the yvideo alpnnl cutot't jovel, cxtrootinge thoe gost
'hqvalmnn;lvn part,  The amptifiep coentrol, aefed on by contro|
sTenndl 0 - [lﬂ. changean 160 eatn 1 puoen omanner thot o eanntant.
amp1tiudd of tho extracted portlon of the padla alemal e wadntatned
aft 1o output,  Tho aontpol doevieo Ineluder vidoo slenal paramoetonr
metors (M) and 5 econtrol slmnal forminge dovipe (CO1F),  The payinot.op
metera measure the valuoes U, and 0= 1 dn cnel repulatton Thtorval
M.y and Gheoe data are used’in tho nnnthnﬂ slenal formatlon dovioeo,
For formatton of sipnals [rp and U = s o which net direetiy on
the video ampdifiop uuntrothhlw uusnnde{ In ense of noed, Tntore
polatton of the seleetion and restoratlon off continuons envelopos 1o
carvicd ont. here,

A delay line (DL) 1s lneiuded in the Intraline automatic O
latlon devicos (At < T]irw)' By means of tt, the video stinal 1s
delayed by the time nedodSury for formation of control sipnals,

Fig. 3.36 Oscillograms of unprocessed video
sipnal (a) and after processing (b)

The effect of the statistical, llne=by-llne automatic parameter
regulation device 1s illustrated in Flg. 3.36. A video sipgnal from
the image is passed through the processing device, a part of which is
closed by a neutral filter, of which the unprocessed imape 1s
evidence (F'lg. 3.36a). It follows from the oscillogram that, in on-
board processing, the amplltudes of the sipnols of all lines, in=
cluding those eclipsed by the filter, arc amp'ified to a value U, S
As a result, both parts of the video signal have identieal ampli%u&éé
(Pig, 3.36b). After this processing, the video sipnal has preater
Interference protection, with regpect to communications line nolses
and observer noilses.
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4, TRELEVISION SYSTEMS FOR SPACE RESEARCH /181

4,1, Phototelevision System

A phototelevislon aystem was flrat used for obtalining
televialon photos of the surface of the moon on h Qctober 1959,
by means of the nonreturnable interplanetary spacecraft (18)
tuna=-3 [95]. Subsequently, phototelevlslon systems were used
in the Soviet spacecraft Zond=3 and Luna=12 and in the American
spacecraft Lunar orbiter [96].

Phototelevision photopgraphy of the surface of the moon was
carried out during IS fiyaround of the moon and from IS revolving
in a selenocentric orbit. The purpose of these investlgatlons con=
sisted of study of the surface of the invisible slde of the
moon and obteining photos of the moon with a resolution unavail-
able to astronomical observers from the earth.

A phototelevision system contalns a camera, automatic photo-
graphic film developer, f{llm=-windlng mechanism, image transmisaion
apparatus and devices commen to all television systems for
synchronization, power supply, control and monltoring. A system
for protection of photographic film from the effect of cosmic
radiation alsc 1s & necessary element of a phototelevislon system.
With & relatively short storage time for the undeveloped photo-
graphic film, protection of 1t is provided by the spacecraft hull
and by use of heavy metal cassettes. 1In those cases when, because
of a high radlation dose, extremely high weight expendltures are
required for protection of photographle film, a device providing
for sensitization (activation) of the photographic film directly
before exposure can be incorporated in the phototelevision camera.

Let us examine in greater detail the functloning of an
onboard phototelevision apparatus, using the example of the
phototelevision system of the interplanetary spacecraft Luna-3.
The system includes an onboard phototelevision epparatus, radio
channel and ground televislon receiver-recording station. A
atructural diagram of the onboard phototelevlsion apparatus is
presented in Fig. 4.1. 1In the inltlal posltion, the photographle
f11m is in cassette 1, protected from the effect of cosmic radla- /182
tiecn by a layer of lead. The film leader, passing through the
film-winding loop, is fastened to takeup spool 13. After orienta-
tion of the interplanetary spacecraft on the moon, by command of
the orientation device, the photography process begine. A curtain
type shutter provides practically simultaneous exposure of the
subject on the film, in the form of two frames, by meanas of two
lenses with 200 and 500 mm focal lengtha., Winding of the photo-
graphic film is accomplished by autonomous camera drive 2, 1n
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two-frame oveles. Simultaneocusly with exchange of neiphboring
pairs of framea, the shutter release time 18 changed, which
provides for exposure with four different time values. The
exposed photographic film 1s concentrated in intevoperation
storage device 3, calaulated for its full length,

Upon completion
of the photogra?hy,
£ilm developer 4 1g
autometicully turned
on. Ita consatructlon

13 as simple a8 pos=-
ZL ,.,, External 8ible, since developnment
v bower of the film is
- upply accomplished by a
circuit 8ingle~stage process.

_fﬁjIQJQﬁio Active film=-winding
transmitter input roller 17 and takeup
. External control circuit 8pool 13 synchronized
with it, draws the
film through a veger-
Plg. 4.1. Structural dlagram of onboard voir filled with
phototelevislionr camera. develover. Cavities

filled with outside

gas can form inside

the developer, as
reagent carried off by the film is consumed. Under welightless
conditions, this can lead to disruption of the development process,
Therefore, reagent consumption compensator 5 restores the initial
amount of reagent and creates an excess pressure of 0.1 atm inside
the developer. To keep the reagent from escaping from the reser-
volr, elastic seals, designed for this excess pressure, are
provlded at the film inlet and outlet.

The processed film enters a dryer, which consists of drum 6,
with stabllized temperature and blowoff system with moisture
absorbent 7. The completely developed, dry film is wound up on
takeup spool 13. Upon completion of development of all of the
photographie film exposed, the developing system is automatically

8witched off. Control of the developing process is accomplished /183

by mechanicel program device 8., The drive of this device provides
for drawing the photographic film through.

Upon command to transmit information, the photographie film
begine a smooth movement in the opposite direction, passing
through transmission window 19, in which it is leveled in the
focal plane of the lens. The image 1is transmitted by means of
a "traveling beam" device, consisting of miniature picture tube 9,
reproduction lens 10 and condenser 11, collecting the light flux,
modulated by the photographilc negative, onto the photocathode of

photomultiplier (PM) 12. To eliminate the effect of irregularities
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in senaltivity of the PM photocathade, the eondensing optlas
projecte a scanning element on any seannlng base, 1in the form af

a fixed apot, defooused over the entire PM area. Plature tube g
has alectronic line scanning (transverse to the phetographia

£1ln). Longltudinal (frame) scanning 18 provided for by a
precislon mechanieal film winding device, Klectyical limage aipnals
from the M output enter video amplifier 18, whieh f£ilters the

PM shot noime trom the video aienal, amplifles and forme i¢.

The formed televislon signal 1o sent to the output of the onboard
radlo tranamitter.

After passapge through the transmission window, the photographle

£1lm apgain enters (loop 20) interoperation £ilm storuge device 3.
Upon completion of transmission of all frames taken, the projgram=-
ming deviow automatically reverses the winding, and transfer of

the photographic film 1s repeated. Uniformity in film winding

is provided by a high-precision film winding mechanism and takeup
spool compensator, which regulates the rate, depending on the
thickness of the photographic film layer wound onto the drum.

Functioning of the television apparatus is provided by
scanning 14, synchronization 15 and power supply 16 units., 'The
onboard phototelevision apparatus is under telemetric control,
glving information on the functioning of all links.

A general view of the onboard phototelevision apparatus
used in the Luna=-3 IS is shown in Pig. 4,2.

The quality of the /184
television photos, slzes,
welght and reliabllity of
the onboard phototelevision
apparatus are determined to
& great extent by the
automatic photographic film
developing and readout
apparatus. The sensito-
metric charascteristics of
the photographic film used
in phototeleviasion systens
are selected, based on
optimum coupling of the
photographic film and readout
device characteristics, f'rom
the point of view of guaran-

- te:ing the maximum signal-noise

Fig. 4.2. Outward appearance of ratio and transmission of
lowecontrast jumps. Therefore

onboard phototelevision camera. in distinection from standard ,
photographic technology
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requirements, a maximum photopraphle £ilm denslty of 1-1.2 and
a contrast coefflelent of 0.8-1, at a fog level of 0.1~0.3, can
be consldered to be acceptable.

Selectlon of the photochemical film developing procesa 18
Getermined by the requiremente as to qualltative characterinstica
of the system, necessary for prolonged storagme of developed fllm,
The highest qualitative characterietics are provided by the
usual multisolution process, in whieh the film 1s developed,
washed (the developlng reagents are removed), fixed and drled,
in sequence. Kxchange of reagents, temperature critlcallty of
the process, and a large volume of reagents complicates deslgn
of an onboard developer: they increase 1lts welght, slze and
energy consumption. If prolonged storage of the photographic
film is not necessary, simplification of its development 1o
possible, by means of elimination of washing and drying. A single-
solution process, in which the photographlc film 1s simultaneously
developed and fixed, simplifies its developing technology. Con-
siderably lower temperature criticality and independence of
photo quality on development time permits & miniature, economicai
and highly reliable film developer to ke created. However, photo=-
graph quality 1s somewhat reduced in thls case; resolution
is 35-40 lines/mm and the fog level, 0.2=0.3.

A diffusion process, similar to the process used 1ln instant
photograph cameras, is the most promising for space phototelevision
systems. In this process, the developers are applled to the photo~
graphic film in a thin layer on the substrate. Diffuslon takes
place between the emulsion layer and reagent film, the rate of
which depends on the intensity of 1llumination of the emulsion
layer during development. In the diffusion process, the photo-
graphic film 18 developed and fixed and, then, after separation
from the substrate, it enters the transmission camera.

Selection of one photographic fllm developing method or
another 1s determined by the assigned qualitative characteristics
of the overall phototelevision system, as well as by the welght
and power resources of the onboard apparatus.

Video information can be read out from the photographic
film, by means of a televislon transmitting camera of any type;
rowever, in practice, a traveling beam device is used, as a rule.
Such & device can be fabricated in an electronic version, using

translucent tubes and, in the optico-mechanical version, where /185

gscanning 1s accomplished by mechanlcal displacement of a point
light source or 1ts projectlon. The electronlic system permits
scanning over a broad range of rates, and it provides for

simplicity in smooth or discrete change 1in its rate. Irvegularlties
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in 1llumination of the pleture tube sereen and Ainterference,

caused by the discrete struature of the luminophores, reduce

image quallty, desplte measures taken to correct these distortions.
The optloo=mechaniocal scanning verelon provides good silgnal
uniformity, and 1t decreanes the geumetric and nonlinear distor=-
tlons. However, limlted scanning rates and the complexity in
changing them narrowa the fleld of use of thla veralon.

Electronie line scanning, with mechanical frame scannlng was
uged in the Luna=-3 spacecraft apparatus. Thls permitted, together
with the slow operat1n$ mode with narrow~band data transmisslon
from great distances, lncorporatlon of an accelerated, wide-beam
mode of examining all fr mes of the film, In the Zond=3 I8
television system, operating at low rates, optico-mechanical line
and frame scanning were used.

The problem of control of the photographle film condition,
the quality of its processing and preflight testing of the
television channel 1s highly criticael, ailnce these processes
cannot be controlled by normal telemetric methods. Thils problem
1s solved by preliminary preparation of the photographic film
before 1t 1s loaded into the apparatus. On the section of
photographic film located in the initlal position of the apparatus
in the transmission window, a lined globe is applled, permitting
determination of the resolution of the channel during preflight
preparation, without turning on the fllm-winding mechanism.
Televislion test pattern 0249 was exposed beforehand, on a sectlon
of unexposed film, located outside the protective cassette.

- Compariscn of the fog levels (the white signal) in the image with
the fog level of sectlions stored in the cassette permits estima-
tion of the effect of radlation on the film. A frame number
corresponding to the frame, a sensitometric wedge and reference
lines for taking account of geometrin distortions are applled to
each sectlion of the photographic film. An impressed dlsk of the
visible side of the moon, correspondling in diaméter to a size,
which would be obtalned by photography from an altitude of 50,000
km, with a short-focus lens installed in the apparatus, i1s placed
after the U0th frame. The test pattern 1s agaln exzposed on the
following frame. These frames muzt also be developed aboard the
spacecraft. A test pattern developrd under ground conditions then
follows and, on the section set in the transmission window after

completion of the developing process, a lined globe, also developed
earlier.

Appllcatior. of the elements enumerated onto the photographic
film permits information to be obtained in sequence on all procegses
taking place in the onboard camera, By turning the camera on at
the end of photography and film developing, a signal of the lined /186
globe 18 Lransmitted, by which the channel is tested and the
ground recording apparatus is prepared. After turning on the film
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winding, the operation of the {ilme-windling mechaniem 1s checked,
by the image of the test pattern developed on earth. The test
pattern inage developed under onhoard condltlons then following
gives a complete 1dea of the quality of the developing procesa.
The development parameters, taking account of the specifics of
the lunar surface, are preclsely defined from the image of the
visible side of the moon, alsc developed under onboard condltlons.
Moreover, a comparison of the dlameter of the disk printed on the
£1im with the dlameter of the dlsk of the back side of the moon
permits precise determination of the altitude of the photography,
with account taken of the actﬂal geometric distortions of &ll
links in the system: H = 5.10% D/Dy, where Il 1s the actual photog-
raph* altitude, D 18 the diameter corresponding to an gltitude of
5+10% m, and Dy 1s the altitude obtained by photography.

The presence of the sensitometric wedges and reference lines
in each frame permits allowance for possible changes in charac-
teristice of the development process and geometric distortions,
arising during operation. Elements located at the start of the
film, as has already been pointed out, permit allowance for the
effect of radiation, testing the degree of stabllity of the
television channel during the period of transmission of the entire
film, as well as accomplishment of preflight test, without turning
on the film winder.

The unique nature of video information from space requires
reliable end high-quality recording of it on earth, as well as
operating control of reception quality. Operating control ls
accomplished on video monitors, using a sklatron type tube.
Recording is repeatedly duplicated, both by number of devices and
by the difference in methods of it. Recording is carried out on
a photorecording device, open devlce recording on thermochemical
paper, on a videotape recorder, as well as by photographing the
skiatron screen. The availlabllity of different methods of
recording guarantees comprehensive processing of the information.

There is interest in methods of ground processing of the
results obtalned. Photographs of better quality are obtulned by
direct photography of the picture tube screen onto motion plcture
film, However, videotape recording gives no less valuable results,
The availability of a video signal recorded on magnetic film
permits the masking effect of noise to be decreased to a con-
siderable extent, by means of secondary processging of it, and
1t permits anelysis of the lmage by signal cross sectlons at
different levels. This assists in developling a number of for-

mations on the surface of the moon, which are poorly distingulshable
in the initial photos.
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The following experiment was carried out, to test the
authentlclty of the deccoding of televislon photes., The vislhble
s8lde of the moon was exposed on photographlc f£1lm, under the
illuminatlon conditions of the photography of the back slde of it.

The photographic £1lm was developed in a duplicate of the onboard /187

developer. The AInformation from the photographic film was transe
mitted through an analopg of the communlicatlons channel in which
nolse, recorded in a real communications session wilith the IS,
interfered., Then, recording was accomplished by the same means
as in actual reception. The decoders, not knowing beforehand

the structure of the moon, were asked to decode the images and
complle a mep of the visible side of the moon from them. The
results of the decoding demonstrated complete colncidence of the
compliled maps with the actual slituation. The c¢circumstance that
elements of the surface of the moon observed from earth on the
edges of the lunar disk were on the photos is of great importance,
for confirmation of the authenticity of maps of the back side of
the moon and topographical tying in of the images obtained. An
optical projection of an imapge of the visible side of the moon
on awhlte globe and photography of this globe, at an angle cor-
responding to the angle of photography of the back silde of the
moon by the Luna-~3 spacecraft, gave complete colncidence of the
results for this zone, and 1t permitted precisely defining the
topographlcal tie-in of the newly obtained formations on the

hack side of the moon.

It should be
noted that photography
of the back side of
the mocn on 4 QOctober
1959 was carried out
under unfavorable
conditions, at half-
moon, when, by virtue
of the orthogonality
of 1lncidence of the
sun's rays, there
were no shadows, and
the photography was
carrled out under
the natural contrast

Fig. 4.3, Television photos taken from of the lunar surface,
Luna-3 spacecraft, with lens focal lengths which 1s extremely low.
of a) 200 mm, b) 500 mm. Despite this, photos

were obtained (Fig.

4.3), providing a
quite detalled interpretation of the structure of the back side

of the moon. Repeated television photography of the back side
of the moon was accompllished during the flight of the Zond=3 IS,
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with fundamentally the same phototelevislon system, into which a
number of schematic, deslgn and technologlerl chanpges were
incorporated, based on accumulated experilence. The photography
conditions of the Zond-3 spacecraft were better, because of the
shorter photography distance and "lateral" 4llumlnatlon of the
surface of the moon by sunlight. This permlitted televislon
photos of higher quality to be obtained (Fig. U.4).

By means of the
Luna=12 and Lunar orblter
phototelevision systems,
television mapping of
the surface of the moon
was carrlied out, from
spacecraft, revolving in
a selenocentric orbilt.
The light sensitlvity
of the phototelevision
gystem and the definition
of the televislon photos
of the surface of the
moon proved to be com=-
pletely adequate for
5 successful scientific
e interpretation of them

and for obtaining
Fig. 4.4, Television photo obtained information necessary
from Zond-3 IS, for landing of automatic

machlnes and man on the
surface of the moon.

The primary virtue of a phototelevlsion system, ensuring
its successful use, is the production of television photos of
high definition (over 106 elements/frame), with onboard apparatus
of small dimenslons, weight and energy consumption. The use of
the phototelevision system for photography of the surface of a
planet invelves improvement of the onboard photographic equipment,
in the directisn of improving the protection from penetrating
radiation. Improvement in the readout sectlion of the onboard
apparatus should proceed in the direction of reductlion of loases
of information, caused by the electronic travelling beam device
or optico-mechanical scanner. For this purpose, for photographice
film of large sizes, Iin whlch high definitilon 1s lnherent,
section=-by-section transmission of the image 1s used, the ldea
of which was stated in work [97, p. 347]. Improvement 1ln the
traveling beam device permlits loss of photographle resolution in
a sectlon of the image to be reduced to a minimum [98, 99].
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Work 1s beling cerried out at the present time, in the fleld
of electronle analogs of photographic film, not requiring compli~
cated development processes (electronlc tube with a strip target,
elestrographlic layers, tape photoelectronic converters) ?96]. /189
It should be noted that perfection of f£ilm development methods,
information on them as to the temperature, electromagnetic or
light effeots and activation of photographic film before exposure
can expand the prospects of use of photographic film in creation ‘
of televlalon asystems with intermedlate image recording. :

4,2, Narrow-Band Mechanilcal System

A narrow=-band mechanical television system was first used for
space research on the Iuna-9 lunar spacecraft (LS) [100]., It
was intended for obtaining close~up television photos of the

surface of the moon, by means of the LS after soft landing of 1t
on the lunar soll.

An optical-mechanical
television system accumu~
lates light energy during
the perlod of transmission
of a single element and,
——— : therefore, 1t has
acceptable light sensi-
tivity, only in transmission
of slowly moving obJects.
A virtue of such a system
is the maximum simplicity
in construction, high
uniformity of vhe image
background, low~level
of nonlinear and geometric
distortions, linearity of
the light characteristic,
permitting photometric
Fig. 4.5. Structural diagram of measurements to be provided
Luna=-9 LS onboard televislon camera. in any pertion of the

radiation spectrum, with
appropriate selection of
radiation receliver,

The onboard camera of the mechanical television gystem of
Luna=-9 1s & relatively simple device (Fig. 4.5). Its principle
of operation is based on storage, accomplished by means of an
electrical filter, the video amplifier,
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The instantanecus fleld of view of the camera is formed, by
means of lens 3 and chopping dlaphragm 5. Selectlon of the
dlameter of the dlaphragm, located in front of photomultiplier 6,
1s determined by the requirement for attaining the optimum value
of the resolution of a camera, operating under the light condi-
tions of the lunar surface. The system resolution depends on /190
linear distortions and on the signal=noise ratio. To reduce the
llnear dlstortions, It is desirable to decrease the dliaphragm
dlameter; however, in this case, the signal-noise ratio decreases,
because Of the decrease in the light flux collected (see formula
(1.3)). The combined action of these two factors determines the
presence of the optimum reszolution of the system, at glven
1lluminaticn and contrast values. In the television camera on
the Luna~9 LS, an angular resolution of approximately 0.,06°
(3.6') was obtained. Since sections of the lunar surface,
beginning at a distance of 1.5 m (Fig. 4.6) entered he field of
view of the camera, the television system permitted resolution
of the smallest details of the lunar surface, with dimensions
of 1,5-2 mm, i.e., 200,000 times better than by telescope.l

Line scanning by rocking a

mirror vertically within an

angle of 29° was accomplished

in the television system by

means of cam 2, which provided

for linear angular displacement

¢f mirror 1 in a line scanning

period of 1 sec, with a reverse

travel of about 10%. In trans-

mission of a panorama, the

mirror was turned 360° around

the vertical axils (frame scanning),

in a time of 100 min. Mechanical

Fig. 4.6. Fileld of view of line and frame scanning operates

Luna~9 LS television camera. from motor U, with stabilized
speed of rotatlion. A panoramic
television photo of the ilunar

surface 1s equivalent to a television frame containing 500 x

x 6000 elements (Fig. 4.7).

The onboard camera of the Luna-9 LS television system /191
formed a narrow-band television signal, having a spectrum width
of about 250 Hz, 1i.e., approximately equal to the video signal
spectrum width in the Luna-3 IS phototelevision system.

1In ground photographic and visual observations by means of sa
telescope, details on the lunar surface of less than 300 m are
not successfully resolved.
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A meneral view of one
of the Ilntermedlate deslgns
of a L8 onhoard television
camera 1s shown 1In Filg.
h.8. Subsequent design
finishing of the onboard
camera permitted 1lts
welght, slze and energy
congumption to be reauced
[101]). An outer view of
the onboard camera used
in the Luna=9 LS 1s shown

Fig. 4.7. Fragment of panoramic in Fig. 4.9.. The camera
. television photo obtalned from was fabricated, in the
. Luna=9 LS, form of & small cylinder,

Openings in the metal
flange are used for
attaching the camera to

> ‘ the LS hull. A narrow-

i ; band television signal
from the camera was
furnished to the onboard
radlio transmlitter. Radilo
transmission was carried
out at a freguency of
183.538 MHz, using fre-
guenecy modulation.
Receptlon, recording

and processing of tele-
vigion signals was
accomplished by a ground
station, similar to the
Luna=-3 IS televigion
system. A similar narrow-
band optico-mechanical
system also was used to
obtain panoramic photos of the lunar landscape from the Luna-l1l3
LS and photography of the surface of the moon from the Luna-19
spacecraft, which was in a selenocentric orbit. The small mass
(1.3 kg) and low energy consumption (2.5 W) of the optico-mechanical
camera of the televlislon system permitted lts use on Lunkhod-1,
on which several such devicesa were installed.

Fig. 4.8. General view of inter=-

mediate deslgn LS onboard television
camera.

The mutual locatlons of the television cameras installed
on the Lunkhod-l spacecraft are shown in Fig. 4.10, where the
outlines of the upper cover of Lunkhod (top view) are given in /192
dashes, and the cameras are designated in the following manner:
Nos. 1 and 3 are vertical survey cameras, Nos. 2 and 4 are
horizontal survey cameras and Nos. 5 and 6 are slow=-scan
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Fig. 4.9. Outer view
of Lun&a-9 LS onboard
television camera.

television system cameras [102].
Panoramic cameras Nos. 1l-4 permit
aterecscople photos to be obtalned
with a 600-mm stereo base for cameras
Noe. 1 and 2, several meters for
camerasd Nos. 1, 3 and 2 and 3 m for
cameras Nos, 2 and 4. The images
transmitted from panoramic cameras
Nos. 1 and 3, having a panoranmic
angle of about 180°, are used for
selection of the primary course of
movement c¢f Lunkhod, topographic
terrain photography, investigation
of structural pecullaritiec of the
relief and the llke. The vertilcal
panoramic cameras (Nos, 2 and 4) are
used for navlgatlonal purposes and
observationsa of the front wheels

of Lunkhod.

The principal qualitative
characteriatlces of the panoramic
cameras of the Lunkhod-l space-
craft are significantly improved
over those of the panoramlc
cameras of the Luna-9 and Luna-l6
spacecraft. Thus, for example,
because of decrease in the
inlet aperture and chopper
diaphragm dliameter, the aperture
characteristics of the camera
were noticeably improved (Fig.
4,11) and, by means of substi-
tution of the PM=54 by a PM=96,
8tability and sensitivity were
increased, Moreover, automatle

Filg. 4.10. Diagram of camera sensitivity control (ASC) 1s

installatlon on Lunkhod-l
spacecraft (top view).

used in these cameras, by a
slgnal with a time constant of
5=10 sec¢c, and not by light.

For transmlssion of images of the sun by the vertical survey
cameras, an additional operating mode was provided for, with
disconnection of the ASC and reduction of sensltlivity, by means
of setting the appropriate PM power supply voltages. The
bagle characteristics of the panoramic cameras of the Luna=9,
Luna=16 and Lunkhod-l spacecraft are presented in Table 4,1.
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equipment. for meteorology and

the natlonal economy occauples
‘ an important place among

gpace televislon systens,

T t.:t?“”“"*’

Fip. 4,11, Aperture cherac-
terlatics of panoramic
cameras: 1 = Luna-9;

2 = Luna=16; 3 = Lunkhod=1l.

TABLE 4.1.

pel | fo E.

[ ] as g 3 o

§ (55 A5 |8

4 dlgEFER @
; 24°%|a8)s (58
§ Optgcal System Field e I & L
Space- _..El'.ﬂlﬂiiﬂ‘l__ of L a8 g gfw 8
£ Y Focal | view, s ufw IR §
craft o F I IR ]
i D/F fength,| degrees 3 _aé ! ‘%0 EE

g [ TW m a9 8 ule ol

e e b = ] 0lZ Ol nd = O
Luna-9 11| 126 1:4 | 1,5—-00 20(114-18) 5000 0.3 | 6000 l[ 100
Luna=16 || 1361 119 2,5 30(16-1-15) [300! 0.3 | G000 4ui2m|mr
Lunkhod-1 [4|12.5 |16 | 1.5--00 30¢15 1-15) suul 0.8 [ Govy -I;I:L’.ﬁjlmi

(General questions of design of similap systems are described
in the next section. A description of only versions of equipment,
constructed using optico=-mechanical scannlng are presented here,
l.e., those which are narrow-band mechanical systems. One such
system in the USSR 1s =& meteorological television epparatus for
direct transmission of cloud cover. A structural diagram of such
equipment 1s presented in Plg. 4,12. By means of g scanning device
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(8D), of the type used in the Luna~9 apparatua, and a photomultiplier,
an image of o seation of the surface of the earth la transforped

into a videe sipnal, To provide fer tranemlssion of a narrow~band
video algnal, displacement of the slgnal apeatrum 1o seeomplished

in the ampllfyling and forming deviee (Al"), by means of modulatlon

or a4 ppeclally genaerated subecarviep requeney voltape, ‘lhen,

the alpgnael, parsing throuph roadlo tranomittey KT, rcaches the
recelving opparatus (RA), to the output of whieh a phototelepraphio
apparatun I"I'A 1s connected, A fragment of an enrth cloud eover

imepe obtained from thip apparatus Lo presented in Wlg. 4,114,

synchronlsatlon of
operation of the onboard
y and pground apparatus 1s
SD| Al Rl P [Ra [ achieved, by means of
hlgh autonomous stablli-
zatlon of the rotution

Flg. 4.12. Structural dlapgram of rate of the rocker
meteoroloplenl television apparatus scannlng mechanism
for dlrect transmission of cloud and FTA drum.

cover imapge.

For phasing TA
operation, a special
pulse 1is used, which
1s mixed with the
video slgnal and
formed onboard, by
means of a mechanical /194
contact, actuated from
an eccentric disk,
inserted into the
game shaft as the
cam, whilch swings
the scanning mirror.

The basic param-
eters of the system
are: line scanning
frequency 0.5 Hz,
fleld of view #£45°,

resolution 1000
Fig. 4.13. Photograph of cloud cover

of earth transmitted by television g%emengs geftline,
apparatus with optico-mechanical 1 aapp?°§ mately
scanning. «0 x 2.7 km on the

surface of the earth

at the subsatellite

point, signal-noise
ratlo onboard at least 100, radio transmitter frequency 137.6
MHz, frequency deviatlon %15 kHz. The gystem gives a normal
image at sun helghts beginning at 5°,
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The camera wsed in the Nlmbup~3 satellite 1s of intereat,
The ahutterless, dlesseator camera, with a translucent photo-
cathode and step seanning, la intended for centinuously obtaining
an lmage of aloud qever iIn the daytime, in the visible reglon
of the apectrum (HBOO=6L00 A), 4Yhis camera 18 dlstingulshed by
high definitlion, uccuracy of reproduction of half=tones and long
service life,.

The F=4012A dilscector, with translucent photocathode, was
developed by the L1T company. The dlssector aperture is from
12,5 wn to 3,70 mm. With an aperturc dlameter of 2% um, the
actual resolution of tha tube reaches 720 lines per centlmeter.
The use of & secondary electron multiplier permits tube sensi-
tivity to be ilnoreased with o low nolse level. The tube
provides a modulation intensity of 25%, with a deflinition of
800 lines [1061]. !

A virtue of the dissector camera 1s simplicity of construc- /9%
tion: absence of a thermionic cathode, mechanical chopper (and
other moving elements). The camera consumes half the power (12.5
W) of a vidicon camera. The focal length of the 'edea lens is
5.7 mm. The fleld of view 1ls 108°, “The dynumie range of the
systﬁm ig 100:1., Welipght of the camerna 1s 6 kg and of the opties,
1.2 kg.

The camera was designed, with allowance for providing opera-
tion of it in the APT system (scanning rate 4 Hz), and 1t is
intended for obtalning images of sectlons of the surfgce of
tre earth, with an area of approximately 2,100,000 kme (840,000
square miles), with a resolution at the center of 3.2 km (2
miles), recording of these data aboard the satellite and
transmission of them to earth during each pass of the satellite
in the radio visibility zone of the recelving station, as well
as for transmlission of the images obtalned on a real time scale
(three times per day), to approximately 300 ground stations
equipped with APT systems, The television apparatus of the
first geostatlonary satelllites, tested under the American ATS
(Applications Technology Satellite) program, also are among
the narrow-band mechanlcal systems.

The first experimerital ATS=1 AE82 was placed 1n a geosyn=-
chronous orbit on 7 December 1966. It had the following
characteristics: line scanning was accomplished by means of AES
orientation in space, by means of rotation of the satellite
around an axls perpendicular to the orbitel plane, at a rate
of 100 rpm. Frame scanning was produced by means of slow turning
of the telescople system of the camera, with a frame time (2000
lines) of 20 min. Resoclution at the subsatellite point 18 3.6 km.

§EAES - artificisl earth satellite.]
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A PM was used ap the sonverter [107],

A B8CC (apin scan aloud camera) color, optleo-mechanieal
televislon camera, developed on the base of the AT8~1 ARS
televialon camera, wae installed in the next ALD of this aserlen,
ATS=3 (the launch of ATS=2 was a fallure). In the colow camera,
the three acolor components were obtalned, hy means of use of
three apertures., Fiber optles were uned for tranamisslon of red,
blue and green coler data to throe neparate photomultipliers.

The correaponding light filters were installed on the PM. After
transformation, the data on the three color components wag
transmitted to the receiving station over & gingle radle channel,
by means of time compreselon,

The successful cxperience in operation of the televislon
systems of the ATS-1 and ATS-3 meteorologlcal satellites
determined contilnuation of the work in bullding peostatlonary
meteorological AES. At the present time, a new modification
of a geostatlonary AES (Synchronous Meteorlogical Satelllte), SMS,
in which a two=channel ascannlng radiometer willl be 1lnstalled,
to obtain images in the visible reglon of the spectrum (reso-
lution about 3.5 km), has been developed and 1s belng tested,
it is proposed subgequently to increase the resolution in the /196
visible range to 0.8 km., The SMS orlentation system basically
preserves the characteristics of the ATS serles AES., Besildes
obtaining images of the cloud cover, it is proposed to accomplish
collection of date from automatic sensors, installed on dry land,
ocean buoys, shipe and other platforms, as well as to measure
hard solar radiation and the terrestrial mapnetic field, in the
SMS AES.

4.3, Narrow-Band Electronic System

Narrow-band slow = 8 ¢ a n gystems, with an electron-beam
transmitting tube of the vidicon type, have been used to obtain
television photos of the surfaces of the moon and Mars and the
¢loud cover of the earth.

The task of television apparatus for meteoroclogical purposes
is to obtaln operationally e plcture of distribution and change
in cloud cover on the surface of the earth, for compllatlon of
long-range forecasts, forecasting moving storms, typhoons, etc.,
for which systematic information on the global gcale 1n each
synoptic perlod 1s necessary.

The intereats of aviatlon, agriculture and other services
of the national economy require knowledge of the state of the
atmosphere and cloud cover at a glven place and given time.
Direct information 1s necessary for this. While only l1l=2
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racalving atatlons are aufficlent fop recelving information of

the first type, [ur the sgoond, & larpe number af recelving peints,
lecated Ln every lasallty where mateorologlaeal Anformation 1o
necessary. ‘the requirement for information of glehal and loeal
lmportance wag penerated inltially in aquipment of two typesd

a system of global colleetlon of television information, with
atorage on videotape, and o dipreoct transmlsslon ayatem.

Both types of gelavinion apparatus have been installed in
AllS with relatively low orbilta, on the order of 600-1000 km,
Tnerease in definition of tclevislon equipment and 1ts ingtalla=-
tion in peontationary enrth satellites iv promising, 'he apparatu
instolled in such ALS, having « clreular orbit at un altlitude of
35,800 km, in the plune of the cquator, has a wide fleld of view,
on the order of 130-140°, and 1t monitors & tremendous territory
simultaneously. With the preaence of several such ALS, there
can be global and dlrect information at any moment of time ah
one time. Moreover, because of the fixed locution of the
sateliite above & single polnt on the earth, it 1s conslderably
easler to observe and reglster the dynaemics of the cloud cover
in the course of a day. A deflclency of such an observatlon
system is the impossibility of round-the-clock observation.

melevigion systems with storage snd with direct transmissilon
of images are equipped wlth three types of sensors. The first 1s
a vidicon type electronlc tube television sensor with a memory.
Despite the differences in vidicons used, all sensors of this /197
type are constructed similarly, an example of which 1s described
below, in the Meteor gystem., The second type of apparatus is
built around & dlssector type electronic tube. The thlrd type
18 apparatus with optilco-mechanical scanning and transformatlon
of the 1light signal, by means of a photomultipller.

Each type of sensor has lts virtues and deficlencles. Among
the virtues of the optico-mechanical cameras are:

- ggasibility of obtaining high definltlon, up to 3000~4000
nes;

-« possibllity of operation without a wide-angle lens;

-- simplicity of providing a glven scanning pattern, for
correction of peraspectlve distortions;}

== high light characteristic linearity;

-- possibility of wide variation in spectral characteristics,
by means of replacement of PM by other radlatlion recelvers;
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-~ practlcally complete absence of signal nonuniformity
and spots on lmages;

-- posslibllity of use of stabllized AES rotation for line
scanning;

R P

~= simpllceity of apparatus and hlgn stabllity and rellabllity
of operation connected with 1t.

Deflclencles of these systems:

== use of mechanical scanning, leading to creation of &
stray moment of rotatlon of the AES and to generation of
mechanical flutter in the images;

== possiblllity of superposition of images of neighboring
lines on each other or omission of information between
nelghboring lines, because of time Instabllity of AES
position;

== sharp reduction in sensitivity of the system with increase
in resolution, because of decrease in light flux with
linear decrease in enerture.

For ontimum dats transmlssion, a television system must bhe
matched with the characteristics of the photography lens and
transmission distance.

. Cloud size and brightness are among the characteristics

b of cloud cover, which determine the cholice of basic parameters

; of the television system. Cloud size determines the requirement
for minimum detall size resolvable by the apparatus on the surface
of the earth and thelr brightness, the dynamic light range of
operation of the television camera. The satellite orbital
parameters determine th¢ requirements as to field of view of

the camere and lergth of its operating cycle, which depends on

t?e time Interval of change in subject 1In the camere ficld of
view.

As numerous observatlons, conducted for many years from
eurth and, then, from hlgh-asltitude aireraft and helicopters
have shown, the cloud cover of the earth is very diverse in
form and value of the reflection coefficients. An important
task 1s deteimination of the minimum size of a cloud formation,
which 18 the optimum for tranemission, by means of meteorological
AES, From the dnta examined in Table 4.2, it can be assumed
that this optimum size 48 0,8 km. However, to obtain general
surveys of cloud distribuation, detect storm lines, movement of
typhoons and other large formatlons, does not require such high
detall. This is illustrated in Fig. 4.14, In the operational
meteorological satelllte system of the USA, for the purpose of
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Inoreasing the area covered by each photo, the resolution of
televislion cameras (AVCS) on the enrth was selected as 3.2 km.

R T —— i -

TABLE 4.2.
? Cloud Form Dimensions, km
Small cumulus clouds 0.07-0.08
Cumulus clouds in tradewlnd zone 0,8-2
Large cumulus clouds 0.8«3.2
: Isolated cumulonimbus clouds 1.5-8
) Mature storm clouds g-16
: Storm line Up to 800 and over

in extent

The 1llumination of c¢loud formations changes extensively,
whilch 18 caused by direct illumination by sunlight, scattered
atmospheric light and bias lightling by bright objects in
the skyo

The primary portion of the 1llumination is determined by
the sunlight and, therefore, it changes in accordance with the /199
location of the sun (its angular position to the point being
photographed).

; The illumination will be tge lowest during the polar night,
- and 1t amounts to about 1.5+10-° lux, In the full moon, illumina-
; tion 18 0.1-0.4 lux. With direct incidence of sunlight,
illumination of cloud formations changes from approximately 105
lux, when the sun is in the zenith, to 5:103 lux, with a zenith
distance of the sun of about 85°.

The contrast of cloud formetions changes consideresbly,
with respect to one another and to the surface of the earth.
The coefficlent of reflection (albedo) of clouds varies from
20 to 80%, depending on the rate of their vertical development.
The coefficlent of reflection of the surface of the earth changes

from 2 to 70% for water baains, snow has about 90% and a forest,
only 10%.
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Pig., 4,14, Photographs of
cloud - over of earth, trans-
mitted from Kosmos=122
satellite: &) Cumuliform
cloud cover of varlous struc-
tures (from fine-gralned to
dome=-shaped); b) stratiform
and cumuliform cloud cover;
¢) development of a cyclone
in fliling atage.

Parameters of the Meteor
glow = 8 ¢ a n television system
satisfy the requirements as to
apparatus for observation of
the c¢loud cover on the daylight
slde (sunlight-illuminated)
of earth. The long memory of
the photoconductor target of
the camera tube permits
the system to operate ii the
s8low = 3 ¢ 2 n mode with
ghutter. Use of the shutter
elimlnates the necessity for
complicated stabilizatlon of
the satelllite., In an exposure

- time of 0.04 sec, the working

range of exposure of the
transmitting tube in the
nonaligned mode is from 0.6
to 8 luxssec.

The contrast sensitivity
and resolution of the
camera tube provides for
transmission of a high-quality
image of the cloud cover, with
a minimum size of details on
the earth of 1.2 km., Slow
memory readout over a period
of 10 sec, of the image stored
on the vidicon photo layer,
permits the width of the
video signal spectrum to be
narrowed to 15 kHz. This
narrow video frequency bandg
provides for a minimum
required transmitter power,
The principal characteriastics
of the l-inch vidicon camera
gystem of Meteor are
presented in Table 4.3.

To increase the fleld /200
of view of the television

system, while retaining the high angular reselution in 1it, two

cameras operate simultaneously.

Each camera 1s equipped with a

type OKS=1-16 lens (focal length 16 mm and relative aperture 1:3),
the optical axes of which are inclined at 19° to the normal.

Owing to this, the fileld of view of the television system is 76°.
Each camera contalins a mechanicel shutter, which is structurally
Jolned to the lens, and has an electronic release.
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TABLE 4.3.

[96, 115]

Parameter Name

Parameter Value

Frame size on photo layer
Resolution

Signal=noise ratio at 3 lux
exposure

Working exposure range
Frame readout time
Vidicon preparation time

Lenpgth of camera operating
cycle

Video frequency band
Exposure time

Photo layer specftral charac=-
terlatic width

11 x 11 mm
At least 50 line/mm

W6 dB
0.6-8 lux
10 sec
50 sec

€0 sec
15 kHgz
From 0.025 to 0.04 sec

5000=-6400 A

The operating cycle of each camera, equal to 60 sec is made
up of the brief photo layer exposure during the return frame
scanning course, memory readout for a period of 10 sec and
erasure of the residual image on the photo layer during the
remaining 50 sec. The forced erasure operation is not carried
out, since the electron beam successfully prepares the vidicon

photo layer in a time of 50 sec.

The operating cycles of the

two cameras are shifted relative to each other by 10 sec, l.e.,
exposure of the second vidlcon begins after completion of readout

of the first,

To extend the working exposure range of the television
cameras, the lens dlaphragms are regulated by command of the
onboard sun height sensor. The lens diaphragms and delay can,
besldes, be changed by command from earth.

The outer appearance of the onboard televieslon cameras of
the Meteor system is shown in Fig. 4#.15. Four cameras are Joined
in a single structure, two of wh ich are reserves,

The Meteor system carries out & globsl suarvey of the state
of the cloud cover over the entire surface of the earth. With
& limited number of receiving points, this leads to the nesesslty
for brief onboard storage of the information collected, for
subsequent transmission in the zone of the receiving point.
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Fig., 4.15.
of four onboard slow-
gcan cameras installed
Kosmos=122 satellite.
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Structural dlagram of tele-
vizion epparatus of aslow-scan
system (units serving the second vidicon

Therefore, the televialon apparatus
of the Meteor system, & structural
ddagram of which 1s shown 1n

Pig. 4.16, 18 a quite complicated
set of asclentific apparatusa.
Besldes the transmitting cameras,
the television camera includes

a forming and control unit, data
storage and reproduction unit

and transmitter unit with antennas.

The shaping unit (Fig. 4.17)
accomplishes preparation of the
video signal for subsequent trans-
mission to the ground recelving
point, if the satellite is in the
radio visibility
sone, or to the
memory 1in the
storage unit.

The video signal,
ampifled by the
camera preamplifiler,
enters & linear
amplifier, in which
tying in of its
black level and
vidicon dark current
cutoff are carried
out. Information on
the vlidicon dark
current level 1is
transmitted with
the video signal
of the last frame
in preparation of
the photolayer and
1t 1s stored in
the linear amplifier.
Further, various
gservice pulses (syn~
chronizing, damping
and correcting) and
& code package on
the number of each
palr of frames are
mixed intc the video

/201

/202

The video signals from the two video preamplifiers of

the operating pair of cameras are switched to the llnear amplifier
input, by means of which they continuously enter the shaping unit

output.
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Fig. #4.17. MTelevision apparatus
of Kosmos-122, Kosmos-1l44 and
Meteor satellites: a) Shaping
and control unit; b) storage
unlt (magnetic recording);

¢) radio transmitter unit,

most complicated unit of the onboard television apparatus.
are three videotape recorders in the storage unit, each of which
Consldering that not every

is designhed to record 35 frames.

The control unit (IPig.
k.17) carries out automatilc
operation of the apparatus
from the onboard progran
device, in whlch a portion
of the permanent commands
and a part of the variable
ones, changeable by command
from earth, are included.
The control unit also col-
lects telemetric data on
the state of units of the
apparatus, entering from
the corresponding sensors,
These telemetric data are
recorded subsequently on
tape recorder and are
transmitted to earth
together with the video
signal.

The video signal storage
device (Flg. 4.17), together with the television cameras, is the

orbit passes above a receiving point, two videotape recorders
can be turned on ln sequence, with a total memory capability of
70 frames. The third videotape recorier 13 used for the mode
of simultaneous recording and reproduction of stored information,
when the satellite 1s located above a recelving point. The
direct method of video signal recording, accomplishment of which
is connected with incorporation of an original video loop cor-
rection device, 1s used in the videotape recorders (Fig. 4.18).
To reduce the time of transmlssion of the recorded video
information (because of the limitation on the time of a com-

z , munication sesslon of the AES with the receiving point),

: . reproduction is accomplished from the magnetic tape four times

transmitter,

about 15 W, transmits the video s
within the limits of direct visibd

PR

center.

S
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more rapldly than recording. The video signal obtained from
the tape recorders is supplied to an amplifier, in which additionsal
shaping of it is carried out and, then, to the onboard radio

The onboard radio transmitter (Fig. 4.17), with a power of
ignal to the ground stations,
1lity. A ground station iz

& complicated set of apparatus for receiving, tranamitting and
processing information. A television signal received by the
tracking antenna 1is demodulated, reproduced on the video monitor
screens and ls recorded by magnetic or motion pilcture photographic
film, and it then 1s proceassed and sent to the meteorological

There
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The firat experimental
satellites were launched in
1960 in the USA. 1In the next
10 years, meteorclogloasl AES
of the Tiros (ten AES), Nimbus
(four AES), ESSA (nine AES),
ATS (five AES) and ITOS (one AES)
type AES were orblted.

e l#'fth4 Television information, as

' in the Soviet systems, 18 trans-
Fig. 4.18., Outward appear= mitted by two types of apparatus:
ance of videotape recorder the AVCS (edvanced vidicon camera
installed in Kosmos-122 system), an electronic=-magnetic
satellite. system with video information

storage for global gathering of
1t and the APT (automatic plcture transmission) for direct imapge
transmlssion.

The APT type televislon apparatus is the IDCS (image dis=-
sector camera system) apparatus, described in Section 4.2,

Apparatugs of both televislon systems, AVCS and APT are
installed in satellltes of the ESSA, Nimbus and ITOS series.
In distinction from other AES, the Nimbus and ITOS have a tri-
axlel AES orientation and stabilizatlion system. Such a system
in the Nimbus~4 AES provides constant orientation relative to
the earth, within 1° in each of the three axes.

The ITOS meteorological satelllite was launched 11 December
1971 and, receiving the name NOAA-1 (National Oceanic and
Atmospheric Administration), had the followlng composition and
apparatus parameters:

l. Direct teievision image transmission system (APT):

== goverage, 3300 x 2200 km (800 x 600 linesa);

-= resclution at subsatellite point, 3.2 km;

== number of images obtained in one orbit, 11;

== overlap between neighboring images, 30%;

== single lmage transmission time, 150 sec;

-= line frequency, 4 Hz;

-=- time between neighboring frames, 260 sec;

== fime for photoiraphing 11l succesalve frames,
approximately 48 min.

The video information is transmitted at a frequency of
137.5 (137.62) MHz. The information is recelved by & network
of simplified recelving polnts., At the present time, there
are about 500 such stations 1n the world.
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2. AVCS global television information gollentlon system:
=~ coverage, 3300 x 3300 km (800 x 800 lines);
== resolutilon at subsatellite peoint, 3,2 km;
== number of images obtained in one orbit, 11;
== overlap between neighboring images, 50%;

-= 8ingle frame readout time, 6 sec; /20h
- céme between photographs of two nelghboring frames,
200 sec;
-~ time fo; photoEraphins 11 successive frames,
approximately 48 min;

== capaclty of magnetic recording device, 38 frames
(three orbits around the earth);

== time for reproduction of information obtalined in
one orbit, less than 2 min. Information is trans-
mitted at a frequency of 1697.5 MHz. Transmitter
power 1is at least 2 W.

3. Scanning radiometer (SR):

== coverage, continuous band in directlon of satellite
flight, from horizon to horizon (scanning angle, 150°);

== radiometer channels:
a) in visible range, 0.52-0,73 um;
b) in infrared (IR) range, 10.5-12.5 pm;

=~ resolution at subsatellite point, 3.2 km in visible
range, 6.4 km in IR range;

-- storage, two magnetic recording devices with capacity
of 145 min each,

The scanning radiometer data can be transmitted in the
direct transmission mode, for reception at APT stations. 'The
data are transmitted at a frequency of 1697.5 MHz.

4. Plane radiometer for recordiﬁg outgoing radiation.

5. Solar proton sensor.

Nerrow-band, slow-e ¢ a2 n cameras, with vidicon type
camerra tubes, also were used to obtain images of the moon
during the flight of the Ranger S8pacecraft and landing of the
Surveyor spacecraft on its surface. They were used in obtaining
images of Mars, when the spacecraft made a close flyby uf the
planet (Mariner-64 and Mariner-69) and from the orbit of the
Mars satellite (Mariner=71).

The slow ~ 8 ¢ & n system in the Ranger spacecraft is
interestling, due to the fact that it is & combination of a
system with high definition and long frame transmission time and
a system with low definition, but & short frame transmission time.
The 1dea of building such a system, permitting a changeover from
transmission of data on rapid movement of an object to transmission
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of data on detaills of an obJeot
1936, by 8.I. Katayev [61],
planning the first "lunik®
the Ranger apacecraft (Fig.
scanning, at a frame time of
1125 line scanning,

The operation of
included 1llumination
lights, located around
by an electron bheam,

Fig. 4.19. Ranger spacecraft
television apparatus.

was formulated as long ago as

and 1t was put into practice in
in the USSR,
4.29), four operated with 260 line
0.2 sec, and two cameras, with
&t a frame time of 2.%
video frequency band of each camera was 200
J0 3358 vidicon was used in the cameras.

Of the 8ix cameras of

sec [96],
KHz.

The
A l=inch type

forced erasure of the residual inage
of the photolayer,
the vidicon target, and multiple scanning

by means of special

The operating cycles of the
camere, with readout times of
0.2 and 2.5 sec¢, were 0.84 and
5.12 sec, respectively. The
residual signal after erasure
was less than 10%. Signals
from the television cameras
were amplified and sent to the
video commutator, which
accomplished sequential trans-
misslon of images by two
independent channels. The
signal in each channel was
frequency-modulated and sent to
the 60 W transmitter.

The slow-scan aystem of
the Surveyor spacecraft was
a combinatlon . & system with
high and low definition, which,
in distinction from the Ranger
system, was carried out with
one camera [104]., The l-inch
GEC type 1335A2 vidicon camera
hed two operating modes: with
200 line scanning at a readout
time of about 20 sec and with
600 line scanning at a readout
time of 1.1 sec. The first
mode of operation required a
narrow video frequency band
of about 1.2 kHez and the
gecond, 200 kHz. Operation of
the camera with low definition
was carried out in the initial
stage, before unfolding of the
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aolar battery panela and hipgh-gain antenna; the camera then was
changed over to the high definition mode, The operating ocycle
of the camera in the first mode wae G1.8 sec and 3.6 sea in

the second. The remaining time was uped for erasure of the
vidicon target.

A singularity of the slow-acan system of the Mariner
spagecraft [105] was the long time for readout of the relief
bullt up on the vidicon photolayer (24-42 sec), modulation of
the vidicon readout beam by o sinusoidal 8lgnal, and coding of
the video signal. The long readout time was 8selected, for

matching with the rate of input of infermation in the onboard 4

memory. Modulation of the vidicen readout beam was used, in
order to avold amplifying the video 8ignal, by means of a direct
current amplifier and to remove the viden gignal spectrum from
the reglon of low=frequency noises of the 1/f type.

The Mariner system has two television cameras: a camera
with a wide-angle lens and & camera with & narrow=angle,
telephoto lens, which transmits the central part of the imape
of the first camera. The frame size on the QGEC type 1342-010
vidicon target i1s 9.6 x 12.5 mm. The numher of lines of each
camera is about 700 and the veadout time of one frame is 42 sec.
The cameras operate alternately, with an B84-sec cycle time.

The video frequency band 18 not over 10 kHz. Images obtailned
from the Mariner-64 spacecraft showed that the surface of Mars
has low contrast, To improve 8lgnal transmission from the low=
contrast obJeets, the video signal underwent speclal processing.
From the output of the sutomatic gain control device (AGC), the
video signal was sent to an amplifier cascade, the amplitude
characteristic of which has the form of a eubilc parabola. After
amplification and processing, the video signal was sent on two
separate channela, analog and digital. 1In the digital channel,
the amplitude of each seventh element of a video signal line
was transmitted as 8 bits of data, in which the -2- mosf,
important bits of digital video information were tranamitsed
through a telemetry channel. The remaining, less important 6
bilts were sent to a digital videotape recorder. In distinction
from the digital chennel, the analog channel processed all
elements of the image for subsequent transmission to an analog
videotape recorder. Thg memory cepaclty of the digital video-
tape recorder is 1.8:10° bits.

The number of bits per image element was inereased from 8
to 9, in the apparatus of the Mariner-7l spacecraft, which is
close in design and equipment to the Mariner=-69 spacecraft.

The examples of specific apparatus presented above illustrate

the broad possibilities of use of electronie slow=mscan systems
in space research. The high light sensitivity and resolution of
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such ayatems, ocombined with long service life and radiation
reanlstance, make then irreplaceable for Inveastigation of the
remeote planets.

The prospecta of bullding highly-sensitive eleatronic
alow~acan cameras with high resolution were stated in Chapter 3.
Putting these prospects into practice iz of importance, not only
for improving the systems described above, but for ereating
new types of systems, for example, bolographle slow=secan systens.

It 1s known that introduction of the holographic method of
image reproduction involves requirements fop high resolution of
the light recelvers, close to the Rayleigh diffraction iimit.
Achlevement of this resolution obviously 1s succeeding, mainly
in slow-scan television systems [75, 78).

4,4, Wide-Band Electronic Systen

The slow=scan television apparatus of orbital meteorologlecal
satellites gives quite detailed information on the state of the
cloud cover of the earth. In the case of use of satellite
syatems, it 1s possible to obtain information on the cloud cover
of the entire earth, The dynamics of cloud formations in this
case can be observed with definite distinctness, Depending on
the number of satellites, their altitudes, coverage of the
surface of the earth by television cameras, the distinctness
of productlon of information ecan be quite high. The necessity

for image processing and assembly time determines the delay
in use of such information.

Space research technolagy permits use of a wlide=band
electronlic televislon system of the broadcast type, for direct
observatlion of extensive regions of the globe, on a real time
scale. The first such experiment was carried out, using the
Soviet communications satellite Molniya~l [96]. The satellite
orbital parameters permit observation of reglons of the globe
6-10,000 km in extent, from altitudes of 20,000-40,000 km.

The virtues of such a system consist of the poasibllity of

direct observation of cloud cover, determination of the dynamice
of movement of large cloud formations, observation of the
development of cyclones, ete. This posaibllity 1s of special
interest for obaervation of reglonas which are most characteristic
meteorologically: the circumpolar "weather factories" and the
reglons of oyclone formation. As an example, & picture of
development of & cyclone and anticyclone within single days,

obtained by means of the Molniya~l satellite television apparatus,
is presented in PFig. 4.20.
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Fig. 4.20. Picture of development of cyeclone and
anticyclone: a) initial image of eloud formations;
b) image of region ohtained with long=focus optles;
¢ and d) same formations after 1 day.

The parameters of the televislon system installed in the
Molniya-1 satellite basically correspond to the requirements of
the government standarc GOST 7845=-55, The onboard televicion
apparatus provides observation of the surface of the earth in
asslgned sections of the orblt, formation of g ccmpete television
signal and its transmission to the input of the transmitter of
the satellite relay system. Transmission, reception, recording
end further relay of the television images are carried out by
the official resources of the satelllte relay system. This
circumstance was the basic approach to use of a selection of
standardized scanning parameters, although the task of observa-
tion of the meteorclogical situation from a Molniya=1 type
satellite can be msolved by a slow-scan system, without magnetic
recording of the television data.

The onboard television apparatus of the Molhiya-l satellite
contains two identical television cameras, a primary and a
reserve (Fig. 4.21). These cameras are equipped with a device,
providing for pointing them towards earth, as well as @ devige 2
for scanning the surface of the earth, using narrow-band opties.
Since the camera, containing quite complex optico=mechanical
devices, is designed for operation under the conditions of

198

/208

¥,




open spase, 1t 1a mounted 1n an ajlr=-tight houaing and equipped
with & two-stage temperature regulating system, To decrease the
ohamber volume, the necaeasary minimum of elements are retained
in 1t (Plg. 4.22): two optical lens heads with light filtepr
syatem 1, eleatron beam tube with rocuainm-derlecting system 2,
presmplifier 3, tube mode control syatem 4 and heat repulating
device 5, The remaining links of the televinmion apparatus

are placed in the television channel unit, located under nore

favorable physicule=climatic conditions, inside the Molvdyu=1
satellite,

The televiasion
channel unit includes
(see FPig. 4,22) scanner

. 6, linear amplifier T,

: forming the complete
television signal, sync
generator B8, control unit
9, power supply uni: 16
and frequency modulator
11, converting the :el¢-
vision signel spectruw,
in accordance '.' th che
interme~iste I wquency
of %lk-e relay channel,
whlci: provider the

Fig. 4,21. External appearance Simpleat coupling of

of onboard television apparatus the televislon apparatus

of Molniya-1 satellite, with the communiczations
channel.

The camera is
equipped with an auto-

| " Camera ™~ "1 " ~Channel unit matic video chanrel

| [ :-I{'_f"_ e Extertal regulating system, .

i ’ ! - ! Providing for operation
:l G SR I i ?‘"“ﬁﬁ“gr, over a broad range of

! : e Mtput to light fluxes. The

! | C Lk transmittey ©OPtlcal head has two

. ! : External lenses, with focal disg-
i o am ,A,“_‘.-j......_.,,-..: E}j‘ e ;-zﬁ.‘ n.: tances of 20 and 50 mm,
e — ST o commands and & -iisk with € light

fllters. OCne of the

Flg. 4,22, Structural diagram of light filtcrs, providing
onboard television apparatus of protection ol the vidicon

Molniya~l satellite. target from burning

through by the sun, is
automatically set upon
switehing off the apparatus; the remaining light flltere are
set by command fvom earth, and they are uscd for selection
of the optimum light conditions for camers operatlicn and for
experimental work.
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ALl elreult elementn of the television npparatus are

made ot gemiconductor devies

Hy ualng mleromodula technolopy,
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l'elevislon photo of
earth obtalned from medium altltudes.

ments as to resolution, compared with tho
meteorological system,
video signal storage devices permit const
system with small dimensions, weight and
The economy of such a solution alse is de

A televislon photo
of the cloud cover,
obtalnea from the
Molnlya=1 satellite,
la shown in iy,

h.23,

he resolation of
tlhie Molnlya~=1 satellite
televislon system does
not exceed the maxLlmum
value determined by
use of stundard broad-
cast television.
Therefore, the purpouse
of such a system is
to obtaln video infor-
mation on consolidated
cloud processes., The
reductlon in require-
Bg oh a glow-scan

and the absetice of the necessity for

ruction of a television
enerpy consumption.
termined by the fact

that the onboard television appar

atus 1s installed in a standard

communications satellite,

satellite radlo channel and 1ty oft'lel
vislons are used. "The energy expendit

Intended for relay of television
propgrams, without detriment to its purpose.

In this case, the
al system of ground pro-
ures also are small,

since a 3-S=minute session in th

e breaks in a telievision

program, repeated 2-3 times a d

ay, are sufficlent for accomplish-

ing the task of meteorolopical observation.

In cereating synchronous communicatlons satellite

providing global relay of televis
such simple televislon apparatus
slmultaneous obaervation of the o
entire surface of the globe. It

{ system described above doea not p

gystem, but is an effectlve and e

The onboard cameras used in
4 part of a aget of cameras,
(Chapter 5). Descriptl
classification of the system by p
investipation of processes 1n 8pa

. s
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syatems,
lon programs, installation of

In them solves the problem of
loud cover of almost the

ls evident that the television
eplace an orbital meteorclopical
conomical supplement to it.

the Molniya-1 satellite are

making up a space televiaion system
on of them 1in this chapter reflects the

urpode. It 1s a matter of
¢e, and not of broadcasting,
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ap In Chnp. O, The videotelemotrle funetiom of televiolon dyvatoms,
whleh are eaused by Introductlon of televislon into tLhe Loehne.aopm
of gapaceeraft £lipsht control, are closeyr Lo thin purpose,  For o
televinlon asysten Lo be used In manual or autometle control of
Aoupacceraft, LU must permit measuroment of the coordlnaten of

an obaerved obJect, its Liprht charactertatles, the mutunl posl-
tlon of the upuceeraft and the obJect and the Llke. Developmernt
ol videotelometyry nystoms is conncetoed wlth perfectlon of the
meagsurement propertles of telovislon systems [96]).

The requlrement
for carvying out
meagurements from
televislon imapes
arose wlth the flrst
steps 1n development
of' space televislon.
Thus, dilstance meas-
urements were carried
out In the flrst space
television system for
the Luna~3 spacecraft.
The inclusion of crosu-
marks in televisilon
images and calibration
of television images,
by means of the cross-
marks and pradation
steps, were directed
towards Improvement /212
of' the accuracy of
measurement of coordi-
nates and brightness
of' an obJect.

Fig. 4.24, VPFrames of television

transmission illustrating the An Important

docking proecess. contributlon to develop-
ment of videotelemetry
was a televislon syustem

for control of docking spacecraft in gpuace. By means of a

stereoscoplc televislon device, the posslbllity of manual docking

of spacecraft was provided. The process of gpacecraft docking

1s 1llustrated in Flg. 4.24% [96].

Necessary condltlons for inclusion of television In the
spacecraft control c¢lreult are an increase in acceuracy of
measurement of televislon lmages and an optlmum combinatlon of
automation of the measurenent process with visual observations
of the agtronaut.
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Televislon can fulfill, not only the major functlon of
collectlon of primary video Informatlon in the control process,
but sueh an lmportant function as representatilon of information
from nontelevislon sensors and from computers, in the form of
imagea, 1.e., in the beut form for perceptlon by the astronaut.
In this case, even with u very large number of control aswltehing
painta, the operator aboard a spaceeraft can obtaln rapld
and complete Information on the operatlon of mechanlsma and
agsemblles of the crafs. 'U'hls permlts the necessary solutlons
to be made in time, and with communleations with earth, specilalints
at ground polnte ean monitor the actlons of the operator.
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D, BPACE TELEVISION SYSTUMS /213

i 2.1, Coupling Space Televialon Systems to the Broadcast Tele-
; vislon Network

8pace research, aslde from asclentlfic~technical, has a
tremendous soclal-political importance. Therefore, broadecast
televialon must provide a mass of visual information on the
processes of mastering spaco.

In classification of space televlsion systems by theilr
flelds of use (see Section 1l.1), space video communications
systems, intended for one=-way and two-way communications between
a spacecraft and the earth, were pointed cut. These gystems
are the space branch of broadcast television, and they are called
space television systems. In proportion to the expansion of the
scale of penetration of man into space, and especilally after
creatlon of permanent, operating orbital and lunar space statlons,
space television systems will enter the structure of the broadcast
television network as regular space television studios. The
successes of Soviet television technology, in the field of space
research, have permltted an approach right up to solution of the
engineering problems of coupling space television systems and,
first and foremost, space video communications systems to the ,

broadcasting network. This makes 1t possible for many millions
of television vlewers to diruvctly observe the flight of a man 3
under spacecraft conditions, follow the course of the scientific f
experiments, see planets and television reporting from their
surfaces at close range.

The prospects for extensive use of space television systems,
for the purposes of broadcasting are imposing a definite technical
imprint on their structure and parameters. Desipgners have to
take, not only conslderations of system optimization, from the
point of view of onboard apparatus, into conslderation, but require-
ments placed by standard television broadcasting. The latter is
solved most simply by bullding onboard television systems, 1in
accordance with the requirements of the All-Union Standard GOST /214
7845-55. However, in thils case, 1t must be taken into considera=-
tion that:

== transmlssion of the standard spectrum of & television
signal places increased requirements on the onboard
television transmitter power engineering and the com-
plexity of ground antenna systems, which are not always
possible and acceptable;

e TR

-~ the standard method of broadcasting audio compllcates
1 , the onboard apparatus and hampers its power englnoering;
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-- 1t l1a lnadvisable Lo use the type of aynchronlzation
approved by G08T 78AL-55 1n a space system, since o
conslderable part of the dynamie range 18 used only
for tranamisslon of synchronlsing pulses; under the
severe condltions of operatlon of apace radio ¢hannels,
this hampera tranamisailon of the video information
lteelf. Moreover, the standard synehronlzation system
complicates the onboard synchronizing devices.
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Fig. 5. Synchronizing pulse shape: a) according to

1.
GOST 7845=55; b) in the form of a code package,

The requirements for energy economy in the onboard radio
transmitter forces use of methods of synchronization, in which
the syne pulses are transmitted in the form of a code or a
packet of sinusolds (sync packets) during the return of the
line and frame scanners (Fig. 5.1) ':98]. 4hese synchronization
methods permit complete use of the dynamiec range for video signal
transmlssion.

Also, for the purposes cf energy economy aboard a satelllte,
it is lnadvisable to expand the outgoing frequency band for

image transmission for audlo transmission. Transmission of the /215

audlo is possible within the frequency band reserved for lmage
transmission, for example, by means of frequency modulation of

the sync packets. An autonomous synchronization mode is
obligatory for a space television system. Transmission of supple-
mentary information (for example, telemetry) also is desirable in

the structure of the television #1gnal, using a single communica-
tions channel.
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Conaequentl onn the one hand, the specifics of operation
of the onhgarg agﬁaratun diatate the necessity for a agriea of

deviations from the repgulation of standard GOST 7845=55, 1in
designing unboard television apparatus In a space television
syatem and, on the other hand, a television 8ipgnal, which com~
pletely corresponds to the requirements of thias standard, ia
necessary for relay over the broadcast television network.

This contradiction 1a solved by means of inclusion of speclal
conversion devices in the ground statlons, for television
signals recelved from aboard a spacecraft, inte a signal pro-
vided for by GOST 7845-55, The conversion methods can be diverse,
depending on the degree of mismatch of the onboard and standard
television signal parameters.

In this manner, a space television system can determine
both the set of onboard television devices, communications
channel and ground devices which, by means of appropriate trans-
formatlons, correct the television signal to a form suitable for
use 1n the television broadcasting network and provide for
introduction of this signal into the broadcasting network.

Brief characteristies of the onboard television apparatus, com-

munications channel and ground space television resources are
presented below.

5.2.  Onboard Television Apparatus

The onboard apparatus of a television system used in space
television serves, not only the purposes of hroadcast television,
but performance of tasks of an applled and a sclentific nature.

It forms televislon images for monitoring the activities of

man under spaceship conditlons and video communications with

earth and between spacecraft, observation of the operation of
spacecraft systems and control of them, internal television
communications, checking orlentation, obtalning information on
selentific experiments, blologleal, physical, astronomical.

The majJority of these tasks are of indisputable interest for
broadcast television. From the point of view of use of television
information aboard a spacecraft, the onboard apparatus must be
matched to the recipient of the information, man, in the optimum
manner and therefore, it can be built according to the principles
adopted in broadcast and industrial television. Optimization

of one of the important links in a space television system, the
communications channel. as has already been noted, makes it £216

necessary to depart from the standards adopted in broadcast
television.

Onboard television equipment used in space television
systems has been developed in several versions:
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1. with 100 line secanning, at a frame rrequency ot 10
framen/aeq;

o wlth Intermedlate parameteors: 400 llnea per frame, ot
frame rates of 10 and 25 frames/sec;

3. wide-band verslon, having, in conformance with aos'l
T8A45=513, 625 lines per frame, at a frame rate of
framea/gec.

'he first veraion of onboard television equipnent was used
in 1960 and 1961, 1n the second space satellite and 1in the
Vostok=1 spacceraft. Reduction in numberp of lines per frame
and frame rate permltted the wldth of the video slpnal spectrum
to be narrowed to 50 kliz, through deterloration in television
image quality., ''his change in image quality in the frequency
band was necessary, for decreasing the power of the onboard
radic transmitter. It permitted use of pround antennas of
smaller sizes. Moreover, it must be considered that, before 1960,
there were no experimental data on radio transmission of wide-
band television aignals from space.

The requirement for unattended operation of onboard cameras
of small sizes predetermined the choice of the vidicon type
camera t u b e, The onboard apparatus of the second space
satellite and of the Vostok=1 spacecraft contained two television /217
cameras with LI-23 vidicons, operating in a mode wlth simul-
taneous storage and readout processes, similar to the mode of
normal ground transmitting cameras. The onboard cameras were
equipped with 20 mm foecal length lenses.

The external
appearance of one of
the cameras used in the
Second apace satelllte
and in the Vostok=1
spacecraft 1s shown
in Fit‘;l 5.2. A t@le-
vision photo of the

e first astronaut Yu.a.
kagl Gagarin, obtalned by
Eﬁpl means of thls camera,

- 1s presented in Iip,
v+«3. The line stryc-
ture 1la distinetly
seen in the photo.

Fig. 5.20  Bxternal appearance The accumulatlon
of onboard television camera of experlence in tele-
installed aboard the second vislon transmission
space satellite and in the from space permitted

Vostok~1 spacecraft. the quality of television
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nonltoring of the conditlon
of the aastronauts to be
slgnificantly improved in
the followlng apacecraft
launches (beginning with
the Vostok«2 apacecraft),
by means of changlng to

the second version of
onboard television apparatus
with 400 lines, at 10 and,
then, 25 frames per second.

The onboard television
equipment of the Vostok

Flg. 5.3. Television photo spaceshlps had two cameras,
of first astronaut Yu.A. using type LI-409 vidicons.
fagarin obtained from Vostok=-1 Cne of the televislon cameras
spacecraft. provided full face observa-

tion of the face of the

cosmonaut and the other,

the profile. The second

camera was equlpped with

an angular optilcal head,

having a cross sectlonal view

of the rear section of the

lens, with a focal distance

of 10 mm, and 1t provided

wide coverapge of observation

of the inner space of the

cabin (Fig. 5.4). The

camera included a tube, with

a focusing~deflecting system,

amplifier with 1 V output

slgnal, scanning unit,

rectifiers, and onboard /218

power transformer. All

links of the camera were

Fig. 5.4. Televislon photo of made of semiconductor devices.

spacecraft cabin and astronaut. Besldes the camera, the onboard
apparatus contalned a synch=-
ronizing device, control

device, radio transmitter and illumination system. Speclal

attentlon was given to development of the illumination aystem,

since the correct cholce of illumination showed up declsively

in television image quality. Televislon photos of astronauts,

obtalned aboard the Vostok spacecraft, by means of a 400 line,

10 frame/sec television system, are shown in Pig. 5.5.

A hermetically sealed shutter camera, operating under (212
open space condltions, was used on the Voskhod-2 spacecraft.
The extravehicular activity of astronaut A.A. Leonov was
observed by means of thils camera (Ilg. 5.6).
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Pig. 5.5. Television photos of astronauts obtalned
from spacecraft: a) P.R., Popovich; b) A.G. Nikolayev;
¢) V.F. Bykovskly; d) V.V, Tereshkova.

The television photos
presented pglve a graphice 1ldea
of the dynamles of development
of quallty of television images
taken from aboard spacecratt.
Thie development was accomp-
lished, both as a way of
improving the apparatus charac-
teristies and improving the
illumination conditions of
its oper=sion.

The experience accumulated

. . permitted a system to be
' ' et tested on satellites of the
Flg. 5.06. 'elevision photo Koasmos seriles, constructed
obtained from Voskhod-2 space- according to standard param-
craft; astronaut A.A. Leonov etera: frame rate, 25 Hz,
in space against the background €25 lines. On the Soyuz
of an lmapge of the earth. spacecraft and, then, on the
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Salyut spacecraft, the standard television system wae officlally
w8ad, It contalned a system of internal and external cameras
(Fig. 5.7). The number of cameras can be varied, depending on
the task [96].

A well=worked=out
aystem of 1llumination
and the avallabllity of
a video monitor, per-
mitting the astronaut
to monitor informatilon
transmitted from onboard,
provlded high quality
reporting from aboard
(Fi&‘;ﬁ. 5.8’ 5-9). Con-
struction of the system
by standard parameters
and elimination of image
rerecording sharply
Inereased the quallty of
Plg. 5.7. Astronaut Ye.V. Khrunov. informatlion supplied to

the broadcasting network.

The use of wide-
field television systems
with standard parameters
does not eliminate the
use of systems with a
reduced number of lines
and frames.

distance during flight
to other planets, at

the contemporary level
of development of com=
munications channels,
requires further narrow=-

Flg. 5.8. Astronaut B.V. Volynov ing of the television
(seen in mirror) carries out signal spectrum. This
televislon reporting from the aggravates the problem
orbltal section of a Soyuz space- of optlimum matching of
eraft. the television signal

spectrum wlth the through-
put capacity of the
communications channel.

An increase in the /220
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Fig. 5.9, Space television cameras with standard
scanning parameters. '

5.3. Methoda of Matching Slgnal Spectrum with Communications
Channel Transmission Bang

e e e S e e L L. L L L.}

The communications channel requirements are determined by
the television system parameters: the amount of information, the
necessary rate of transmission of 1it, the assigned qualitative
characteristics of the tolevision image, requirements on authen-
ticity of data transmission. The possibllity of communications

channels, radio channels, used at the present time, are limited
by & number of factors.

A characteristic of space televisilen system radio channels
is the wide range of dlstances, to which communications must be
provided, from hundreds to hundreds of millions of kilometers.

The communications distance Hl 18 determined by the pearameters
of the radio channel elements:

o -

As follows from the formule, the communications distance depends
on wavelength A, transmitter power P¢p, the transmitting antenna
gain Gy,, the receiving antenna gain Gpg, the noise temperature
of the asystem T, transmissicon band F, signal-noise ratio at the
receiver output g, and the Boltzmann constant k. It would seem
that, with this number of variable parameters, it would be easy
to create a communications channel, having the characteristics
nhecessary for any television system. Practically, the selection
of radio channel parameters is limited by engineering solutions,

which are actually achievable and the technical and economic
advisability.
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dpace noisen abaorbed 1in the lonesphere and tropoaphera
affoct the oholee of ranpge of A, Fipure 5,10 1llustrates the
quantitutive effect of thesa faotora, Residea the widely ;
distributed palnetic nolses indicated on the graph, having a
maximum in the plane of the ecliptic and o minimum in the reglon
of the palactlc poles, the radtatlion of interstellar hydropen
at o frequency of about 1.43 Gllz and the large number of dincrete 3
rudiation sources should be tauken lnto conslderation. With
aharply direocted ground antennas, the probubility of sericus
interference on the part of the discrete gourcen, which have
small anpular dimensions, is Ingipndficant. '"he sun is an
exceptlon; its rays, entering the antenna directilon pattery,
blind the receiving point, Ionospherile absorption, which is
insignificant 4n the high frequency regilon, increases quadratic-
ally with decrease in frequency, and it shows up perceptibly in
the ranpe below 100 MHz,

Losses take place 1n this range, owlng to rotation of the
polarization plane in passare of the waves through the lonosphere.

Tropospheric absorption depends on the reception angle, 1.e.,
on the path length of the radio beam in the troposphere, concen-
trations of oxygen and water vapor and precipitation., By virtue /222
of these causes, the troposphere is practically opaque to fre=-
Quencles above 10 GHz. The dependence of absorption on frequency
also 1s shown in Fig. 5.10. Thus, from the point of view of the
factors belng considered, frequencies below 0.1-0.3 and above 10
GHz are practically excluded. 1In this case, the U-6 GHz range
should be considered to be the optimum.

s Gy N - Oxy g However, the cholce

LI o L {resonancd? of the optimum radio
e e channel frequency range

Ablsorption' also 1is determined by
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nondireotional antennas, At medlum distances, with a nondirec-
tional or low-~dlrectional antenna, the decimeter channel ean

he umed and, at leng ranges,where the use of sharply directed
tranamdtting antonnas As inescapuble, the aentimeter ranpe.

An increase In pgeln of onboard ancennns, under otherwlee
equal conditlona, sharply reduces the requirenents for onboard
tranamitter power, lHewever, this requires orientation of the
currier at the time of the communications seesion, and it 1s /223
achlevod by means of dealpn compllcatlions in the antenna,
increasinyg 1ts dimennions and welight, Moieover, in inereasilng
the antenna galn, the radlatlon anpgle is constriected, which leads
to the necesslty for use of complicated antenna directing devices
and, ultimately, to increase ln welght and energy consumed.

Increasing the paln of pround antennas 1is achleved by
increasing their effective (and peometrical) areas and by the
accompanying constriction of the directicnal pattern. Ulti-
mately, .this leads to un lnherease in dimensiona, welght and wind
load of the antenna, to incresse in tracking drive power and,
as & result, to an ilncrease 1n cost of antenna equipment.

The maximum achievable receiver nolse temperature in use
of quantum mechanical anéd cooled parametric amplifiers i1s 8~-20°K,
However, allowing for antenna device nolse, space noise, ete.,
?ge acgual effective noise temperature of a recelver can reach
=300°K,

Graphs, illustrating the interconnection between transmis- /224

slon frequencyband and communications distance, at varlcus radio
transmitter power values, effective antenna area and receiver
sensitivity, are presented in Fig. 5.1la.

The graphs were obtalned at effective recelving antenna
areas of 35 m2 (curves 1, 2, 3) and 200 m2 (curves 4, 5, 6).
The nolse temperature of the recelving system was 300 K (curves
1, 2, 3) and 70 K (ecurves 4, 5, 6).

Thus, in optimization of space television systems on the
whole, ,a reasonable compromlse must be found between the require-
ments placed on the communication channel, the tasks of television
transmission and lts actual resources, The problem of matching
the slgnal apectrum with the transmlsslon channel band is solved
in two directlons:

l. matchlng the television uslgnal spectrum with the trans-
miseion channel band, at a glven power of the latter;
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Flg. 5.11. Calculated graphs:
a) Frequency transmlsslon band vs.
communications distance in frequency=-
modulated channel; b) transmission
band Fe vs. number of lines 2 and
frame rate n; G - transmitting antenna
gain; q = signal«nolse ratio;
m - modulation index; b - coefficlent
of losses unaccounted for.

2, time matehlng of
the algnal with
the channel.,

The latter 1la caused
by the faot that apace
radilo channels, pragw=
tically, cannot provide
continucus communiocat.lons
at any time.

For objects in
sarth orbilt, the zone
of communication with
one recelving point is
limited by the radio
horizon and, the possible
communications time
changes from several
minutes to several hours,
depending on the altitude
of the satellite. For
distant space objects,
communications sessions
are time-limited by the
rotatlon of the earth
and in duration, by the
storage of energy aboard
the spacecraft. Matching
the television signal
spectrum with the trans=-
mission channel band is
most effectively solved
by selection of the
gcanning parameters,
providing the necessary
aignal spectrum. The
graph (Fig. 5.11 b)
glves a visual 1dea of
the approximate ratio
between the transmission
frequency band Fe and
the scanning parameters:
frame rate n and numbir
of lines per frame 2.

However, freedom of cholce of scanning parameters frequently
1s limited by the nature of the subjects belng transmitted, their
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The calculation was performed by the formula Fg = 0.4 nz.

213

o




dynamlcs, ete., Selectlon of ascanning parameters also is limited
by the characteristlces of the televialon c ame r a tubes.

The 1deal tube for thls task should have a short image memory
time, with the poasslbllity of complete readout of an accumulated
relief in one cycle (one frame), over a wide range of readout
rates. Actual tubes frequently do not meet these requirements.

In the case when. from the conditions of use of a television
system, the problem of matehling 1t to the communications channel
is Impossible to solve by selection of scanning parameters,
intermediate rerecording of the image or signal is used. In
this case, recording of the image (aignal) is performed, with
digitization determined by the operating conditions of the tele-
vislion system, and the transmission 1s carried out at a rate,
which transforms the signal spectrum to values matching the
channel.

Intermediate image recording without transformstion into a
8lgnal can be accomplished on photographic f£ilm, electrostatic
fi1lm, tubes with tape targets, and by thermoplastic methods.
Intermediate aignel recording is provided by means of magnetic
recording, storage tubes and others. Phototelevision systems
(Luna-3, Zond-3, Luna-12) and aystems wlth intermediate signal
recording on magnetic tape (Kosmos-122) have found practical use.
Systems with intermedlate image memory theoretically have high
characteristics: high recording density, the absence of supple~
mentary signal transformations, However, higher rellabllity of
the magnetlc recording system under space conditlons and the
gimpliclty of transformation of the spectra in them, by means
of change in the carrier rate facllitates their prospects.

The necessity for rerecording television data aboard a
satellite also arises in those cases, when, besides tranasmission
by & narrow-band channel, television informatlon has to be used
in the satellite 1ltself (for purposes of automatic image analysis
or visual observation by the operator). In transmission of a
changing subject, magnetlc or electronic rerecording can be used,.

In transmission of statlonary images, pulse transformation
ls poesible. In this case, lmage scanning is performed at the
necessary rate, and signal spectrum compression is provided by
strobing one element of each line with a pulse, shifted by one
element in each succeeding frame. Only the flrat elements of
all the lines will be extracted in the first frame, the second
elementg in the seocond, etc. These short pulses are extended
to the length of a line (while retuining their amplitudes) and,
in this manner, one "slow" frame is formed from n "fast" frames,
with a spectrum n times less than the initilal one.




Matohing television systems with communications channels in
time ie accomplished, by means of the systems described above,
with intermediate recording of television data. TIn the general
case, for time matching, tranasformation of the signal spectrum
is not required. Sometimes, the short length of a communications
sesslon, besides a time shift in data transmission, requires
rapld dumping of the entire volum of recorded data 1in & limited
time. TFor example, in the television system of an orbital
meteorologlcal satellite, information storage for a peried of an
orbit (1-1.5 hours) should be dumped in the time of communication
with a ground point (5-6 min). This problem is solved most suc-
cessfully in systems with magnetic recording, by means of spectrum
tranaformation, providing accelerated transmission with compound
spectrum expansion.

In conelusion, 1t should be noted that development of quantum /226
electronles, putting the question of use of lasepr channels for
communicatlons between space objJects and the earth on the agendsa,
will permit again approaching the problem of coupling television
systems to the communications channels in the very near future,
removes & number of limitations, which apparently will increase
the qualitative characteristics of space television systems and
enlarge the group of problems, which can be solved by it.

5.4, Features of Construction of Space Television System Ground
Station

The purpose of the ground television resources in a space
television system is reception of onboard slgnals, monitoring
the lmages and audio received, recording them, tranaformation
into standard form, transmission over communications lines to
the central television network and, further, with the official
regources of the television troadcasting network, tc the network
of the Sovlet Union and to foreign countries. The most specific
link in ground television resources is a television receiving
station, directly receiving information from aboerd a spacecraft.

A ground station (Fig. 5.12) includes an antenna with
guldance system, radio receiver, device for visual operational
monitoring of signals received, image and audio quality control,
audlo extraction, synchronization, image and audio recording
apparatus, system for conversion of signal to standard form, 227
relay line output devices and a number of auxiliery devices:
monltoring~test set, voltage regulators, operational photographic
material development unit, official signaling and communications
system, and video output monitors.




Yo provide sntatlon
reliability, its basle
elements are dupliented,

. and they are used in
Gommuni- operation In the hot
cations regerve mode.

Line

The preat value
of televislon Informi-
tion recelved from
space requlres relilable
recording of video
Information, by means

Figm. 5.12. Structural diagram of of duplicating 1it,
ground statlon (second half-set of both by number of
apparatus not ghown): 1 - antenna recording channels
with guildance system; 2 - control and by the methods
panel; 3 = radio recelver; # - signal used. Television
amplifier-distributor; 5 - synec set; information is recorded
6 - osclllograph; 7 - video monltcr; on motion pleture film,
8 - individual frame photographle by means of motion
recorder; 9 - motion pleture recorder; pleture recording

10 -~ videotupe recorder; 1l - audilo devices, providing
extraction device; 12 - synchronous frame-by-frame photog-
magnetle tape recorder; 13 - video raphy from the picture
slgnal transformation and regeneratlon; tube screen. Tt is

14 « communications line transmltting desirable that recording
apparatus; 15 = station self-testing be carried out simul-
apparatus.

taneously on two motilon
plcture recorders.

This makes 1t possible to make both a positive and a negative
record and, moreover, creates a guarantee, in the case of reduc-
tion in quality of one of the films in development. The audio

1s recorded on a synchronous magnetlce tape recorder.

Televislon lmages and audio are recorded, moreover, on a
videotape recorder, which provides the posslbllity of timely
examination of information, as well as secondary processing,
intended for regeneratlon of video informatlon, ln the presence
of a signal-nolse ratio, which is unacceptably low for motlon
pleture recording. For the purpose of teatling the station
during its operation, as well as for providing rapid information
on the most interesting subjects, a photopraphlic recording device
is provided in the atation set, which permits selectlve rccordlnyg
of individual frames.

As has already been noted, the station set includes apparatus
for transformation of the slgnals recelved into a form, correspond-
lng to QOST 784%=55., The composition and complexlity of this
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apparatus In determined by the extent of difference between the
onboard algnnal and the standard one, Image rerecordiny 1s necessary,
wlth a difference between the scanning parametera of the onboard
televislon apparatus and the standard. In general form, the task

of converalon of televislon Imapes with different scanning paran-
eters la similar to the task of coupling television broadecasting
syatemsg wilth different standarda. These problems have been

studied most completely in work [109].

A characteristic of coupling space televislon systems with
the broadeasting network is the considerably preater ditf'ference
in time relationships of the initial and resulting imapes. Any
image is discrete in time structure, with digitlzation by
elements, lines and frames, in the general case. 'The method
and parameters of digitization are determined by the scanning
parameters and readout method selected. The task of rerecording,
thus, is reduced to replacement of the digitization parameters
of an lmage recelved from aboard a space objest, by the param~ /228
eters of the televislon broadcasting standard. Depending on
the corversion method, a signal can be converted both directly,
without visualizatlon of the image, and with transition through
a vislble lmapge. The final task in both cases 1s transformation
of an image, described by the funetion I(x, y, 1), which charac=
terizes the brightness distribution with frame time T, into a
new image, which can be described by the function F(x, y, T),
where Ty 1s the frame time of the television broadcasting system.

A converter conslsts of the source of the initial sipgnal,
a fllter-converter, memorizing the signal (image), a device
reading out the signal (image) in the broadcasting standard
parameters and a system for forming a signal! of standard form.
An ildeallized converter should have a N-shape characteristic,
l.e., applied to imape rerecording, it should provide uniform
memory of the frame of an image in time T + T, with complete
(without residual signal) readout in time T1. Actual converters
do not always satisfy this requirement.

Practically, thls conversion can be perfornmned in the following
versions.

1. Rerecording of electrical signals in storage tubes
(potentialoscope, grafekon). A large residual signal, requiring
a speclal target preparation cycle, and unsatisfactory shading
.characteriatics of such tubes limit their use to the partial
casea of rerecording slightly shaded lmages in a long frame,

2. Mapnetlc rerecording of electrical signals. Such re-
recording theoretically provides high converalon quallty; however,
it requires interlaced scannlng in the onboard system, which
narrows the possibllitles of use of this type of converter fecr
space television purposes.




3« Imapge rorvecording, uslng Intermedlate photopraphy.,
The initlul imape in recorded on photopgraphie £11lm, which 1o
developed photochemically, and the photopraphle inipe obtalned
1a read out, by means of a standard televislon channel. Such o
repecording syastem provides high Imapge quality, but, us o
congequence of the consilderable development tlme, the films can
be used only for aystems In which the long time of the Initlal
frame permits a time shift, determlned by the photopraphle film
development period.

4, Imape rerecording, by means ol an optlcally coupled
pleture tube, on which the imape is reproduced in the onboard
televislion system parameters, and a televislon camern
tube, operating at the standard scanning parameters.

In the latter version, wlth a long frame time, skiatron
type recelving tubes and tubes with long persistence cun be
used; with a frame time close to standard, picture tubes of
the normal type are used, with increased resolution, 1lnereased
bripghtness and a flat screeh. In thls case, depending on the
frame rate of the onboard system, plcture tube persistence and
readout tube response are selected, which form in combination,

a total converslon characteristic, which 138 close to N-shaped.

A converslon system has been fabricated in thls version, for
broadcasting direct television transmissions from aboard Soviet
spacecraft. With ten-frame rerecording, a comblnation was used,
of a plcture tube with willemite luminophores, having perslstence
on the order of 1/20 sec, and a LI-408 vidicon, with somewhat
increased response. 25=frame rerecording was performed by a
combination of a pilcture tube with Zn0Zn luminophores and a
LI-409 vidicon, wilth decreased response. These combinations
permlitted practical ellminatlion of flickering, determined by

the reduced frame rate of the inltial imapge, with minimum losses
in image quality. However, quallty reduction 13 inescapable

in any type of conversion, as a consequence of summation of the
distortions, arising in individual links of the circult. In
essence, & converslon system is a serles coupling of two tele-
vision systems, to one extent or another, with inescapable
superpositlon of discrete raster structures, and wilth summi-
tion of the amplitude, frequency and phase dlstortlons.

Standardlzation of an onboard signal having scanning param-
etera correasponding to GOST 7845~55 and differing only in form
of the complete televislon signal is provided by a sync mix
regeneration device. The video sipgnhul in a signal received is
separated from the syne packet and audlo. The ground sync set
operates ln the driven mode from the onboard line syne pulses.
The formed standard syn¢ milx, synchronlzed with the onboard
sipnal, and the video signal enter an amplifier-regenerator,
at the output of which, a complete televislon signal of standard
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form 1s formed. IMiltera and correcters, pemmltting improvement
in video sijgnal quality, are provilded In the repeneratlon device.

Cable or radlo relay lines of the standard type are used as
communications lines between the pround statlon and the televislon
broadcasting network. As a rule, sipnala enter the televislon
broadcasting network through the televislon center nearest to
the ground station and, further, by the Intercity broadcasting
network, the Moscow television center (MTC). A speclal apparatus
is provided at the MIC, in which monitoring of imapes entering
from all directions, their repeated regeneration, centrallzed
recording and switching to the output channels are provided.

The signals are supplled to the televislon broadcasting network
by the Intervision and Eurovislon systems, by means of the
officlal resources of the broadcastihg complex, by the usual
system.

5.5. Features of Construction of a Space Color Television System /230

General Informatlon

With the development of space television technology and
expansion of the filelds of use of television apparatus in space,
the need has arisen for supplementary information, on the color
of the obJects belng studied and on the spectral composition of
the radlation of celestial objects.

Sclutlion of the problem has led to ereatlion of & number of
space color television systems (SCIVS), which conslderably
increases the amount of information obtalnable in carrying out
a varlety of lnvestigatlions and observations 1n space disclosing
new possilbllities, which cannot be achleved by monochromatic
television resources.

SCTVS known at the present time, independently of thelr
purpose, have a number of characteristic features, which radically
distingulsh them from color broadcast systems.

In developing apparatus for television broadcasting systems,
the main attention is given to problems of simplifying the
clircults and constructlion of the recelvers, which must be as
convenlient as possible to control and have a cost within reach.

All these requlirements are satisfied, mainly by means of
making the transmittling apparatus more complicated, by increasing
the heipght of transmitting antennas, increasing the power of
television center radlo tranamitters and incorporating pre=-
correction signals in the standard color televieion signal
radiated into space.
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The principles used in oreating individusl elements of
SCLVS are dilametrically opposed. The principal attentlon in
development of the equipment of subsystems is glven to reductilon
in welght, decreasing dimensions and power consumed by the
entire set of onboard apparatus, ineluding a color televislon
camera, television alpgnal radio transmitter, transmitting antenna
and other auxiliary apparatus,

All elements of this apparatus must be hipghly-stable and
adaptable to prolonged operation without adjustment and without
an operator, as well as for remote control from earth.

At the same tlme, the entire set of ground SCTVS apparatus,
including radio receiving devices, signal storage devices, con=-
verslon of standards, monltoring-measuring apparatus and other
equipment, must have the highest parameters, for achlevement of
whlch, considerable complication of any of its links is permissible,

Still another feature of SCTVS is that there are no requlre-
ments on 1t for ccmpatibility with monochromatic and color
broadcast televislon systems, since color image signals in space /231
systems are transmitted by special radio channels.

This circumstance permits use of any method of coding and
modulation and arbitrary cholce of the time for transmission of
one frame, ln construction of SCTVS apparatus, based on the actual
conditions of operation of the apparatus and the nature of the
subjects transmitted.

Of course, the possibility 1s not excluded here, in case of
need, of carrying out subsequent processing of signals received
and transformation of them to standard color television signals,
which subsequently may be transmitted over the broadcasting network.

The distingulshing features presented concern directly those
SCTVS, which are used at the present time, or which may be brought
into being in the coming years.

Relay SCTVS have other dlstinctive features. In such systems,
powerful radlo transmitters, installed aboard three satellites,
stationary with respect to the earth, and located at equal dig-
tances apart in synchronous, cirecular orbits, will send color
televislon signals to earth, which were transmitted beforehand
from earth to one of the synchronous satellites, by a special
radio channel. The signals of the space radio transmitters,
radiating into apace at the frequencies of standard televisgion

channels, will be recelved at practically any point on earth by
regular television receivers.
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It 1s completely obvlous that this type of SCIVS must fully
satisfy the requirements for compatibility with the television
brordeasating system.

£CTVS can be divided into three maln groups, according to
the prlaciples of construectlon, methods of shaping slpnals and
the nature of the tasks performed., The first proup includes
alow-scan SCTVS, intended for transmission from space of color
lmapes of moving objects 4n a narrow frequency band. Thls may
be an image of the lunar landscape, the surface of the earth or
of other planets, transmitted from orbital satellites or space-
craft. Slow-scan SCIVS also are used in satellite meteorolopy,
in study of the cloud cover of the earth, determination of 1ts
altitude and tracking its movement. The second proup of SCIVS in=-
cludes phototelevision esystems, making it possible to conduct
detalled studles and mapping of the surface of the earth from
aboard orbital satellites.

SCIVS. by means of which color images of moving objJects
and rapidly changing subjJects are transmitted from space,
should be segregated into a separate, third group. The
necessity for use of such systems arises in those cases, when, f232
for example, the dynamics of movement of an astronaut, reporting
on changes in the lunar landscape during movements of the Lunmakhod
or the start of a lunar module from the surface of the moon is
required.

Slow-Scan SCTVS and Thelr Use

In designing slow=-scan SCTVS, the communicatlons channel
“requency band is the decisive factor.

Rigid limitations, with respect to dimensions, mass and
power consumption by onboard apparatus decreases the possibllities
of construction of sufficlently effective radio transmitters in
space and, thereby, the bullding of wide-band, interrerence-free
space communicatlons channels 1s hampered. The slow~scan method
permits a large volume of information to be transmitted over a
narrow=band communicatlons channel. The simplest color television
gystems made by this method are based on sequential transmission
of the sipnals of alternating frames of color-indexed images.
In such systems, the visible spectrum of light radiation usually
is divided into three separate sections, and the gipnals of the
red, green and blue color-indexed images are transmitted
sequentially, striving for colorimetric similarity of the repro-
duced 1image.

In some varleties of dlow-scan color television systems,
having the name "spectrozonal systems," the task 1is to detect
detalls of the obJect belnpg investipated, in the greatest




e B A

posaible detnall and elarity. At the same time, a natural repro-
ducetion of colored surfaces In their natural coleors 1s not
necessary in these systema. Therefore, in "spectrozonal ays-
tems," in distinectlon from color syatems for other purposes,

the light spectrum, usually going beyond the limits of the
vigible spectrum, in the direction of infrared radiation, 1a
geparated lnto a large number of narrow spectral zones, Cor=-
respondingly, the number of alternating color frames and the
number of color-indexed 1lmages transmitted lnereases.

For reproduction of color images transmitted, the signals
of the sequential color-index frames are recorded on dlsk video
recorders, after which, simultaneously, the recorded slgnals
are read out at the required rate and they are examined on the
sereen of a color video monitor. If detailled and prolonged
analysis of color photos transmitted and duplication of them
is required, the signals of the color images, transmltted at
half-frame (fleld) frequencies, are recorded on black~white
photographic f1ilm at the recelving point and multicolor prints !
are then produced on paper, by the polarographic printing method !
or by the color photography method.

Slow=scan SCTVS was first used on 7 June 1967, for trans-
mission from space of a color image of the earth, from an ;
altitude of 30,000 km. The color televislon apparatus used 1n 5
this case, made according to the principle of sequential trans- /233 '
mission of color-indexed images, was 1lnstalled aboard the
Molniya=-1 orbital earth satellite. This installatlon included
two television cameras (see Section 4.4), with vidicon type
tubes. The cameras, designed for operatlion under the condltions
of open space, were mounted ln hermetically sealed contalners
and installed in a device, providing for pointing them at the
required section of the earth. A rotating disk with three llght
filters, red, blue and green, was installed in front of the
camers lens, the poslitions of which were changed by command
from the earth. Exchange of all thiree color filters was accomp-
lished in a time, during which the position of the viewfinder
axis was practically unchanged, with respect to the earth. In
carrying out the experiment descrlbed, synthesls of the color
image was accomplished from the three color-indexed images,
recorded on photographie f1lm, by the polarographliec printing ,
method [110]. i

Somewhat later, in November 1967, color lmages of the earth
also were obtained, by means of an apparatus operating according
to the principle of sequential tranamission of color-index
fr%mgii installed aboard the Amerlcan ATS-3 statlonary earth
sate te.
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. " Barth image scanning in thip apparatus was carried out in

' : the directlon of the frame, because of the rotation of the satel-
1ite (100 vpm) and, in the direotilon of the llines, hy means of a
serew mechanism, operating from signals of a aclar sensor. In

: thias case, each turn of the screw corresponded to scanning one

! line of the image.

Sequential transmission of the color framesa was carried out
through blue, green and red color fillters.

The apparatus descril o .nade 1t possible to obtain high=-
quality color photos of 'he cloud cover of the earth, which
confirmed the extensive capabilities of SCIVS, from the polnt
of view of their use in satelllte meteorology, for the purposes
of complling long=-range weathar forecasts [103].

Sequential transmission of color frames was also used in
the flight of the American Surveycr spacecraft, to obtain color
images of the surface of the moon. Two spaced color television
cameras were installed in the lunar module of this spacecraft,
which made a soft landing on the surface of the moon; by means
of them, stereoscoplc color images of the lunar landscape were
transmitted to the earth.

The two cameras transmitted images with different scanning
parameters: in use of the narrow=beam transmltting antenna,
600 lines per frame per second and, with omnidirectional radia-
tion, 200 lines and a frame per 20 seconds. A disk with four
light filters, red, green, blue and transparent, was mounted
ahead of the camera lens. Selection of the scanning parameters
and control of the llght filter positions was executed, by /234
command transmitted from the ground flight control point.

Color images were obtained on the earth, by means of sequen-
tial recording of the color-indexed images on photographlec film
and their subsequent blending by color photography [104].

Further improvement in the equipment of slow=-scan SCTVS
was produced in the set of onboard apparatus of the Mariner-7
spacecraft, which transmitted color images of the surface of Mars
from Mars orbit to the earth, with a definition of 704 lines.

The equipment used in obtaining color televislon images of
Mars contalned two vidicon cameras, operating alternately.
The cameras had lenses with different flelds of view, and they
operated with different sets of interchangeable light fllters.
The entlre lmage sighal shaplng cycle of one frame of the color
image took U42.24 sec, The information obtalred was recorded in
a magnetic memory in dlgltal form, and it was transmitted to
the earth over a channel with a narrow frequency band [105].
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A saimilar, somewhat inmproved apparatus was successflully used
in 1971, during the Mars flyaround ol the Mariner=9 spacecraft,

Fhototelevision 8CTVH

In those cases when the surface of the moon, earth or
other planet must be studled in detall and an idea of the rela-
tive locations, configurations and epectral characteriatics
of different small formations and ovbjectz 18 obtalned, there
mgst be SCTVS with high resolution, operating with a change in
time scale.

The task may prove to be still more complicated, 1if the
object of study turns out to be a moving object.

The solution of the problem 1s ¢» use phototelevision
SCTVS, 1n which the image of the terrain being studled 1is
reglstered on the light-sensitive surface of a color photographic
film in a brief exposure or, in repeaced exposure through
appropriate color filters on the surfice of black-white photo=-
graphic film, After appropriate proc:ssing, the developed
image 1s scanned in a high-resolutlon readout device, operating
by the traveling beam method, and simultaneous or sequential
signals of color-indexed images are formed, which are trana-
mitted to the earth over a narrow=-banc¢ channel.

Operating on this prineiple, a phototelevision apparatus
with high resolution, achlieved as a result of scanning color /2
photographic film with a laser beam, i1: used at the present time
in the American satellite color televinsion systems [11l1].

Multl-Frame SCTVS

The principal condition which must be satisfiled by visual
SCTVS, 1intended for transmission of colur lmages of rapildly
changing subjecta from space, 1s that the color-indexed frame
sequence frequency in them must exceed a critical frequency, at
which amoothness of the transmitted movement is achieved.

The equipment of an onboard set of this equipment must
be, not only light, compact and economical, but adaptable for
operation under conditlons of high vacuum and broad temperature
Jumpe, high accelerationa and vibration, and anunattended
mode of operation and the poassibility of remote control must
be provided for in them. :

Besldes what has been said, 1t must also be considered that

the onboard color televisiocn camersa should have nonuniform
parameters, under different operating conditions. Since the
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camepras, by means of whilob a oolor image of astronauts inside

the cablin of an orbltal satellite will be transmitted to earth,
will have to operate under limited illunination,

they should have high sensitivity, Output algnals of such &
oamera will be tranamitted a comparatively short distance and,
correspondingly, the radid channel uned for this purpose can be
made with a quite wide frequency band, cemparable to the band

of & standard televislon broadcasting channel, with modern
technologleal resources. At the same time, a remote space camera,
planned for tranamission of color images from the surface of the
moon, will operate under intense sunlight during the "lunar day."

Because of the small dimenslona, welght and power consump-
tion of the lunar spacecraft and its significant distance from
the earth, under insufficiently favorable conditions (imprecise
orientation of the antenna and high interference level), the |
radio channel frequency band should not exceed 2-2.5 MHz. Thus,
the task of obtaining color images of rapidly changling subjJects
from space 1s solved, elther by means of creation of a gingle,
general-purpose, onboard color camera, adapted for operation
under the most diverse conditions, or by means of two cameras
which differ from each other, each of which 1s intended for 1
fully specified tasks.

Proceeding to reporting on promising methods of construction
of onboard color television cameras, we should dwell, first of
all, on the possibility of use in these cameras of the basic
princliples, on which broadcast and appiled color television
cameras are based.

In color television broadcasting, three=tube cameras are /236
practically universally used at the present time, one of which
i8s used to obtain a broad-band brightness signal and, by means
of the other two, narrow-band color=index signals are formed.

In recent years, new, l-inch, plumbicon camera tubes have
appeared, which has permitted creation of a simplified three-
tube color camera, of negligible dimensions and low weight [112].

However, three-tube color cameras are provin, to he sensi-
tive to temperature changes, and there has been no success in
simultaneously obtaining all the high parameters which a color
televislon camera intended for operations under space conditions
must satisfy.

For reporting purposes and for operation in applied tele=-
vision Installations, simplified color television cameras, made
of one camera tube, operating in combination with a lined,
color-dividing filter, are used.

225




Sueh cameras, which differ from normel bhlack-white televislon
' cameras by the pregence of a4 lined light filter, can be made
! very compact and light and, from this polnt of view, they can
be gonsldered to he promising for operationa in apace. Let us
examine the questlon of the possibllity of use of these cameran
in greater detall,

Two types of sinpglew
tube cameras with lined
light filtera have already
heen bullt, 1In one of them,
the method of time or index
geparation of color-index
gignals 1s used. In this
camera, a lined light filter,
made of vertical, alternating
red, blue, pgreen and opaque
bands, is installed in

A , front of the light~sensitive
S surface of the camera tube
(Fig. 5.13).
Fig. 5.13. Structure of lined In scanning of the
light fillter of color television potential rellef at the
camera with time scanning of output of the camera tube
signals. of the camera being con=-

sldered, a complex video

signal appears, formed by
trilads of alternating pulsed signals of the three color-indexed
images, separated by index signals, the level of which is
constant and equal to the black level.

These index signals are extracted by the amplitude selection
method, are passed through the corresponding delay lines and are

used for alternate trigpering of three gated amplifier cascades, /237

for?%ng video signals of the three color-indexed images (Fig.
5.14).

Practical achievement of a color camera with time scanning

of color-index signals ir.~lves a number of difficulties and
limltations.

We will not dwell on those of them, which are connected to
the teohnology of manufacture of the multicolor lined filter,
camera tube operation and color-index signal separation devices,
since all of these problems can be solved, by one method or
another. We consider only those deficlencies, on wh*ch the
posaibility of using single-tube color cameras with time scanning
of signals aboard a spacecraft depends.
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One of the prinei-
pal deficlencles 1s low
resolution, fixed by the
Coder |» number of groupa of
aolor stripes of the light
fllter, whioh decreauses
PP~ T pguongy in the netive section of

) the line., We deasignate
the length of the
oparating section of
the photoconducting
, deles ‘ layer of the camera tube
3 * by 1$, the width of one
i Q

1.

L
: lfufﬁ?i' Ln[ﬁtfa:%orl
A - - Janpll £ ies. .. - f%l%er -
[l | | | l
: : T

Mg, 5.14, Simplified structural strip of the lined color
diegram of SCTVS ground equipment, filter by Al, the gap
using color television camera with between strips by a

time scanning of signals. (Fig, 5.13) and the

number of color strips
in one group of them
by n, and we determine the horizontal resolution of a2 sinple-

tube color camera, with frequency scanning of signals, by the
formula

. llll )
v ——— i e n
ANy (5.1)

If it 1s considered that, practlcally, a color filter strip
width Al less than 20 p cannot be obtailned, that the gap between
strips must be on the order of 5 ¥ and that, for a regular l-inch
camera tube ly & 12.6 mm, for the case beling consldered, we
obtain (n = u? vV = 126 elements per line.

For the purpose of increasing resolution of a single~tube /238
color camerar with time scanning of signals, a special camera
tube of the "trinlkon" type was developed in Japan; it forms
index slgnals by purely electronic methods, without index strips
in the lined light filter [113]. Owing to this innovation, as
well as because of the fact that the length of the operating
section of the photoconducting layer in the new tube 1s increased
to 14 mm, the horizontal definition of the camersa has been
increased to 200 elements, which, of course, ls insufficlent for
the majority of problems to be solved in space.

ORI
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d Ancther significant deflolency of the color camera version
] belng considered is that, in it, all information on the color of
i the image 1s tranamitted by means of short pulsges, the number

of which 1s four times greater than the number of elements
resolvable during the time for scanning one line,
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At those values, of whileh we spoke above, the video slgnal
frequency hand at the camera output exceeds § MHz., Correspondingly,

8 wide-band .adle channel is required for transmission of thene
signals.

It should also be noted that, for a color televislon camers
with frequency scanning, made of one camera tube, high sensi-
tivity cannot be provided. This 1s malnly connected with the
fact that only one fourth of the lipght flux reflected from the
obJect belng transmltted will be used for formation of color=-
Indexed image signals in 1t. Moreover, becauae of the fine
gtructure of the lined light fllter, the camera tube will operate
on a drop in the aperture characteristic, in that section of it,
in which the intensity modulation will be 30-40%, in the best case.

As 1s evident from what has been sald, & single-tube color
television camera wlth time scanning of the color~index signals,
from the point of view of itas use aboard a spacecraft, cannot be
consldered to be promising.

In color reporting
unlits, in applied tele-

Transparent vision and in recording
substrate | Blue strips color imsges on everyday
2 Wi ‘ videotape recorders, single-

;éh tube color television
cameras with frequency
secanning of the color=index
' signais are the most widely
Yellow strips used. In these cameras,
two-layer, flne-structured,
lined light-divider light

Fig. 5.15. 8tructure of lined filters are installed in
light filter of color television front of the light~sensitive
camera with frequency scannlng. surface of the camera tube,

in the path of the light
beams. The first layer of

this light filter is formed by alternating vertical yellow and /239

transparent strips of equal wldth, produced on a transparent
subatrate, by photoetching of the corresponding dichreolc coating.
In the second iayer, the alternating blue and transparent strips
are wiier than in the first layer (Fig. 5.15).

The two=layer, lined 1light filter produced in this manner
ig transparent to green rays.

The red rays pass only through the transparent strips of

the first layer. The blue onea can pass through the transparent
strips of the second layer without hindrance.
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As a result of uuse of the light fllter desecribed above,
a complex silgnal wlill bhe obtalned at the camera tube output,
which can be represented by the followlng expresalon:

Boo (Fy |- OB Ey - 08 E) -1 05 Eycosmy t - 05 E, coso, 1. (5.2)

The low-frequency components of the red (LR), sreen (L;) and
blue (Ep) light-indexed images are lnecluded in the first term
of this expression, and it can be extracted from the complete
8ignal, by means of a low=frequency filter. The second and
third terms of expression (5.2) are the high-frequency com-
ponents, the ampllitude-modulated slignals of the red and blue
color-indexed images, and they can be extracted, by means of
band filters (Fig. 5.16). After this, by means of amplltude
detectors and a simple matrix scheme, 1t 1s quite simple to
obtalin the required video signals of the three color-indexed
images from the resulting signals, and to use them for forming
a standard color television broadecasting system signal (Fig. 5.17).

In the single-tube
camera version with

frequency separation of
\ signals, the resolution
6+4-44- depends directly on the
oot fladiye structure of the lined
light filter, which

determines the values
of the modulated sub-
carrler frequencles.

Wy O

Fig. 5.16. Frequency characteristics

of filters used for extractlon of Each of the two
components of signal of color tele= subcarrier frequencles
vision camera with frequency scanning. (fgr and } can be

calculated gy using
the expression

’5"‘7—,‘@3‘.{1113' (5-3)

where 1l; 18 the length of the worklny sectlon of the camera
tube phgtoconducting layer; Al 1s the wildth of one strilp of the
lined 1light fllter; Fijne 1s the line scannling frequency; and
Tp is the duration of the return motion in percent. Assumlng,
a8 in the preceding version of the camera with sipnal time

division, the minimum achlievable width of a light filter astrip /240

229




out shows that a single=-

tube camera wlth color-

Index signal frequency separationis dlstinpulshed advantapgeously
from a camera with time dlvluslon,

:ow- l
o o ‘ N AL = 23 n, Ly = 12,0 mm
l Crequepey oAt rix und T, = 15%? we obtaln
l the value of the hipher
Band = modulated subearrler
-FE:EEF- Aiiitedt-r— 4 ---m-d:-l Codert . slenals of the blue
o lnage, wlth a frequency
Loy = 5.0 Mz, With this
Mol value of tgp, the det'l- ;
=1 fi1eo Tt nition ot the color f
Q image, depending on the )
ereen lmage sipnal fre- ;
queney band lig, will :
Fig. 5.17.  Simplified structural correspond approximately |
dtagram of SCIVS pround equipment, to 2.8 Miuz (Fig. 5.10). @
in the case of use of televlislon - i
camera with time divislon. Ihe analysis carrled 1
{
!

In a camera wlth frequency separatlongin particular, it 1s
easler to fabricate the lined light filter und conslderably simpler
to separatoe the color-indexed image sipnals, Thls camera,
moreover, has a higher resolution, and 1t can have hlpher sensl=
tivity.

However, the color information 1n this camera 1is located in
the replon of the hlghest frequencles of the video slgnal spectrum,
and a4 wlde=band radio channel 18 necessany for transmission of
the signals. This circumstance sipniticantly reduces the possl-
bilities of use of a color cameri wlth signul frequency separatlon _ i
in SCTVS, *

In a number of reporting and otheyr gimplifled color televislon
eameras, fleld-sequentlal color-indexed lmage signals are formed
at the output, with thelr subsequent conversion into slmultancous
slgnals.

The principle of operatlon of this type of camera ls based
on reduction in the exceas Informatlon contained in a atandard
color Imape vsipnal. DPractleally, this 1s reduced to decreuasing
thoe color-indexed imapes transmitted per unit time to such a
nunber of them, that smoothnesa of motlon 8t111 18 preserved.
T4 is quite sluple to make a gsequential color televislon camera,
by 1nstallling a rotating 1lipght filter, composed of alternating
sectora of red, preen ond blue celors, in front of the lipht-
sensltive surface of the camera tube. In this case, if the L2l
apeed of thls 1llght filter is selected in such o manner that,
after scanning of each fleld of a transmitted lmape, one of the
color sectors of the 1ipht filter is veplac by another one,
color-indexed image signals will be obtaulneuw at the camera output,
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alternating throuph tlme intervals equal to the geannlng, perlod
of the two flelds of the raster.

In order to eliminate flickering in thig method of color- 1
Index imape slpgnal formation, the sipnals of the filtered flelds

muat be replaced by the signals of the preceding fleld, delayed i
by appropriate intervals of time, by means of a memory. )

The method desceribed of constructing single-tube color
cameras permlits a number of significant advantapges to be obtalned,
whlch 1is especially important in use of such cameras in SQLVS,

The prinecipal virtue of sequential cameras is that normal
color-index image video signals can be obtalned at their outputs.
These slgnals can be transmitted over space radio channels with
narrow gtransmission bands, since the limitatilon on thelr frequency
spectrum will affect only the definit -n of the color image, and

it will not reflect at all on the corre.tness of the color trans-
mission,

An important virtue of the method of sequential transmission |
of color-index image signals also is the simplicity of accomplish- ;
ing color correction of the color images transmitted, which is ;
difficult to achileve in single~tube cameras with lined light !
filters. Single-tube cameras with sequential replacement of i
colors by filelds are easy to bring into being, from the design i
and technlcologlcal viewpoints, and they can be made general- 5
purpose, i.e., adaptable to solution of the most diverse prohlemas

under the conditlions of space.

These advantages were put into practice in the space colur é
television camera of the Westinghouse Company, whlich was used :
in executing the program of the Amerlecan Apollo=-10 manned space- :
eraft, which accomplished a soft landing on the surface of the moon. i

In this camera, based on sequential forming of color-indexed
image signals, the frequency of exchange of color filters was
adopted as equal to the fleld frequency (60 Hz). In this case,
ten complete color frames were transmitted per second. ‘The
images of the subjects transmitted were projected on the light-
senslitive surface of the camera tube through a rotating light
fllter, made of alternating red, blue and preen sectors. The

. sequential signals obtalned at the camera output were transmitted
| to earth, by means of a 20 W radio transmitter, over a channel
with a transmission band of 2 MHz (Flg., 5.18).

The simple-desipn, small-size onboard color camera of the /2402
Westinghouse Company had a total weight of 6.5 kg (FPig. 45.19).




The Apollo~10 space-~
craft lunar camera had

@I:ﬁf:23f§ \ Y high sensitivity, and it
s o [reTeviaLp could operate with a
\ REER e ' ar photoconducting layer

Light' illumination of 0.01 iux,
providing a signal=-nolse
filter disk ratio on the order of
35 dB. Such high param-
eters were achleved, as a

Zoomar lens Cqmera tube

Flg. 5.,18. Simplified structural result of use of a special,
diagram of onboard camera of peraistence~free "secon"
Apollo-10 spacecraft. type (SEC-vidicon) camera

tube, adapted for opera-
tion under conditions of
& wilde temperature and
1l1lumination Jump.

The sequentilal
signels of the color-indexed
images received by the
ground stations passed
through en automatic cor-
rector of time errors,
caused by the Doppler
effect. After this, the
signals were supplied to a
standard converter, made
i the form of a six-

Flg. 5.19. External appearance channel vlideotape recorder,
of Westinghouse Company color one revolutlion of the disk
television camers, 2f whileh corresponded to

“he transmission time of

one fleld., 1In thils device,
the slgnals of each color-index image, followlng one after the
other, were recorded in two of the six channels of the disk.
After recording over an interval of time equal t: vhe length ~f
one field, the recorded signals were read out three times.
Followlng thls, the recorded information was erased, and the
entire cycle of recording, readout and erasure began again, In
this sequence of recording and readout, simultanecus signals
of the three color-index images were obtained at the videotape
recorder outputs. These sipgnals were supplied to the input of
the NTSC color television broadcasting system coder (Fig. 5.20).

The sequentlal color televislon camera discussed above was 24

used in the moon flights of the Apollo=-11, Apollo=l2 and Apollo-1
spacecraft [114).




Disk NTS8C
acorder Cod. ¢

tape ———
e ~
M
¢ Puls
tion Apparutus System {Damp Ex
Synch- xieri Flash
ronization Pulses JigMiiz

Fig. 5.20. Simplified structural diagram of ground
equipment used in processing color slgnals transmitted
from Apollo-~1l0 spacecraft.

Subsequently, the RCA Company developed a more compact
television camera, weighing 4.5 kg, in which a sensitive camera
tube was used, with a "kremnikon" (SIT-vidicon) type silicon
diode target, resistant to the action of direct sunlight [114].

The new version of onboard color camera wss used in the
flights of the Apollo-15 and Apollo-16 spacecraft, for trans-
misslion of color images from the command and lunar modules
and from the surface of the moon.
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